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The  effort  expended  by  the  s>tudy  group  in  this  undertaking  was  designed  to  accu- 
mulate as  much  information  as  possible  that  might  provide  a basis  for  a source  book  on 
plutonium,  its  deposition  and  retention  in  the  human  body,  and  methods  to  reduce  the 
plutonium  contamination  hazard.  The  effort  was  divided  between:  (l)a  literature 
search  of  past  and  current  documents,  manuals,  regulations,  etc.,  personal  contact 
with  knowledgeable  persons  in  the  field  and  by  attendance  at  meetings  and  symposia 
that  were  fortuitously  scheduled  during  the  early  months  of  the  study,  and  (2) 
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20.  ABSTRACT  (Continued) 

development  of  the  coupled  differential  equations,  based  on  the  19S5  and  the  proposed 
1973  physiological  lung  models,  that  predict  the  deposition  and  translocation  of  inhaled 
plutonium  in  the  human  body.  A historical  review  of  plutonium  and  the  general  contam- 
ination situation,  along  with  a review  of  early  U . §.  policy  (e.  g. , in  the  days  of  the 
Manhattan  Project),  provide  a good  background  for  this  problem.  Next,  the  biology  of 
plutonium  contamination  is  discussed;  past  as  well  as  current  research  in  this  field 
conducted  by  the  DOD,  AEC,  and  other  agencies  is  reviewed.  New  concepts  and  ideas, 
such  as  lung  lavage  and  the  use  of  chelating  agents,  are  introduced  which  are  currently 
being  used  to  reduce  plutonium  body  burdens.  That  plutonium  which  remains  in  the 
body  after  inhalation  (the  most  likely,  as  well  as  most  dangerous,  ingress  method  into 
the  body)  is  translocated  from  the  lung  to  toe  lymphatic  system,  blood,  bone,  liver, 
and  gastrointestinal  tract;  the  differential  equations  describing  these  phenomena  are 
solved  and  with  toe  bast  values  available  for  the  constants,  graphs  and  tables  are 
presented  that  give  the  burdens,  doses,  and  dose  rates  to  these  different  parts  of  tb  > 
body.  A very  Important  conclusion  reached,  based  on  the  1985  physiological  lung 
model  and  shown  even  more  emphatically  by  the  proposed  1973  lung  model.  Is  that  the 
lung  is  the  critical  organ  and  not  the  lymph  nodes  or  lymphatic  system  as  lately 
proposed  by  a number  of  people.  Foreign  standards  for  plutonium  contamination  levels, 
as  they  appear  in  the  literature  available  in  this  country,  are  given  to  give  toe  reader 
an  overall  view.  The  last  section  of  the  report  gives  much  useful  information  relating 
to  the  decontamination  operation  and  includes  decontamination  methods  and  their 
efficiencies.  The  entire  report  is  very  rich  in  citing  references  to  which  the  reader 
can  refer;  101  references  are  cited,  and  some  of  these  references  refer  to  hundreds  of 
others. 
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INTRODUCTION 


The  effort  expended  by  the  study  group  in  this  undertaking  was  designed  to  accumulate  as  much 
information  as  possible  that  might  provide  a basis  for  a sourcebook  on  plutonium  and  its  decontami- 
nation. The  effort  was  divided  between  a literature  search  of  past  and  current  documents,  manuals, 
regulations,  etc. , personal  contact  with  knowledgeable  persons  in  the  field  and  by  attendance  at 
meetings  and  symposia  that  were  fortuitously  scheduled  during  the  early  months  of  the  study.  Our 
effort  would  have  been  more  difficult  but  for  the  many  persons  who  have  helped  the  study  group  along 
the  way.  Doors  were  opened  and  comments  and  information  were  freely  given  at  every  stage  of  the 
effort.  Although  it  would  be  impassible  here  to  thank  each  contributor  by  name,  we  do  want  to  take 
this  opportunity  to  acknowledge,  in  this  general  way,  the  aid  that  was  attended  to  us. 

This  study  is  divided  into  seven  major  sections.  The  contents  of  the  sections  are: 

Section  I presents  a general  statement  of  the  plutonium  hazard.  It  is  included  so  that  the  reader 
can  place  himself  on  common  ground  with  the  information  which  follows  in  subsequent  sections  of  the 
study. 

Section  II  covers  published  policy  or  directives  of  the  DOD,  Atomic  Energy  Commission  (AEC) 
and  federal  agencies  relating  to  radiation  decontamination,  exposure  limits  and  contamination  limits. 

Section  III  deals  with  DOD,  AEC  or  other  research  that  has  contributed  or  may  contribute  to  an 
understanding  of  the  physical  portion  of  the  hazard  model,  that  is,  what  happens  from  the  initial 
accident  until  the  plutonium  aerosol  is  inhaled. 

Section  IV  is  a review  of  the  research  accomplished  and  planned  to  develop  information  concerning 
the  biological  hazard,  that  is,  what  happens  to  plutonium  once  it  la  in  the  body. 

Section  V presents  the  current  1965  lung  model  and  develops  the  calculations  which  describe 
deposition  and  retention  of  respirated  plutonium  in  the  human  body. 

Section  VI  lists  foreign  standards  for  plutonium  contamination  levels  as  they  appear  in  literature 
available  in  this  country. 

Section  VII  complies  information  relating  to  the  decontamination  operation  and  includes  some  de- 
contamination methods  and  expectations. 

Appendix  A uses  the  proposed  1973  lung  model  to  update  the  work  in  Section  V. 

NOTE 

foii'areaces  cited  herein  are  current  as  of  December  ,1972. 
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SECTION  I 


THE  PLUTONIUM  HAZARD 


PURPOSE 

This  study  has  been  designed  as  a primer  for  those  personnel  having  responsibiliti  es  for  plu- 
tonium bearing  weapons  or  the  decontamination  of  areas  affected  by  weapons  accident  plutonium 
contamination.  It  has  been  prepared  with  the  hope  that  a general  background  knowledge  of  plutonium 
and  its  hazards  will  result  in  better  OOD  operations  and  an  enlightened  personnel  fsirce. 

THE  GENERAL  CONTAMINATION  SITUATION 

Experience  indicates  that  plutonium  contamination  will  result  when  a nuclear  weapon  is  involved 
in  a fire  or  impact  situation  sufficient  to  violate  the  weapon's  containment.  The  plutonium  may  bum 
or  the  impact  may  cause  detonation  of  die  high  explosive  content  of  the  weapon.  In  each  case,  pluto- 
nium, generally  in  the  form  of  oxides^  will  be  dispersed.  The  extent  and  character  of  the  dispersed 
material  is  a function  of  many  variables.  Among  these  are  the  heat  and  duration  of  the  fire,  the 
containment  material  involved,  the  amount  of  high  explosives  and  plutonium,  aerodynamic  variables  of 
wind  and  stability  and  many  more. 

The  plutonium,  once  on  the  ground  or  otiter  surfaces,  should  not  be  considered  as  fixed  in  place. 

It  Is  subject  to  resuspenslon  into  the  air,  adhesion  to  ground  or  airborne  material,  and  settling  deeper 
into  the  sou  or  other  porous  surfaces. 

The  primary  plutonium  hazard  is  considered  to  result  from  inhalation  of  the  aerosol.  (Aerosol 
is  the  generally  accepted  term  for  airborne  particulate  plutonium).  The  aerosol  is  present  in  the 
initial  dispersal  cloud  and  in  material  resuspended  by  natural  or  human  activity  In  the  area.  Some 
of  the  aerosol  Is  retained  in  the  lung  where  It  causes  a radiological  insult  due  to  its  alpha  activity 
and  long  lung  retention  time.  Transport  to  other  body  organs  by  body  processes  is  of  concern  because 
of  significant  retention  times  at  these  other  locations.  Modes  of  entry  into  the  body  other  than  inhala- 
tion are  considered  to  be  less  hazardous.  These  include  absorption  through  the  intact  skin,  deposition 
in  open  wounds  and  ingestion  via  foods  grown  or  produced  m contaminated  ground. 

Experience  front  various  tests,  previous  accidents  and  theoretical  caiculatiotts  indicate  that 
although  a significant  body  burden  of  plutonium  may  be  received  during  passage  of  ths  initial  cloud, 
the  greater  danger  to  population  appears  to  arise  from  tong  term  occupancy  of  a contaminated  area 
wherein  the  population  is  subjected  to  the  resuspended  radionuclide  (Ret  1).  If  the  affected  area  is 
to  bo  utilized  alter  the  accident,  some  decontamination  effort  must  be  undertaken. 
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SECTION  II 


REVIEW  OF  U.S.  POLICY  AND  DIRECTION  C0NCERNINO 
PLUTONIUM  CONTAMINATION 

THE  EARLY  YEARS 

The  development  of  current  policy  aad  direction  concernlcg  plutonium  contamination  had  It* 
genesis  is  die  discovery  of  X-rays  (1895)  and  radium  (1898),  their  subsequent  use  and  the  inevitable 
Incidents  of  biological  damage  which  followed.  The  first  organised  efforts  to  establish  protective 
criteria  for  these  new  tools  were  made  30  years  later.  In  1928  die  Second  International  Congress  of 
Radiology  established  the  Committee  on  X-ray  and  Radium  Protection.  The  U.  S.  Advisory  Commit - 
has  on  X-rays  and  Radium  Protection  was  organised  la  1928  to  provide  U,  S.  input  to  die  International 
Committee.  These  committee#  were  the  ftraruoaara  of  die  currant  istenuttknal  Commiaeion  on 
Radiation  Pasaaaion  (ICRP)  and  the  U.  S.  National  Council  on  Radiation  Protection  and  Measurements 
(NCRF).  Table  I lists  die  early  recommendations  of  these  organizations  for  tbe  etapioytuaot  of  these 
tonfa&aff  -radiations  (Ref.  2L 

TABLE  I 

EARLY  RADIATION  DGSB  UMITS 


Source 

Date 

Tolerance  Done 
(R/ttoy) 

Applicability 

U.S. 

1931 

0.2 

X-ray 

1934 

<kZ 

X-ray 

U.S. 

1936 

ai 

X-ray 

as. 

1938 

at 

X b y *r*yc 

it  Ut  of  interest  to  note  that  these  taat  recommendations  are  equivalent  to  36,  5 rent  per  year, 
mere  than  seven  times  the  currently  pcsmiasMe  annual  exposure  dose  for  radiation  warier  a. 

la  the  early  1920'a  the  harbinger  for  preaect  plutonium  scaadcrd*  emerged  from  a Cauury  to  Near 
jersey  in  the  form  of  the  death*  of  a number  of  women  employed  a*  luminous  watch  face  painter*. 
Subsequent  investigations  over  the  period  of  several  year*  pointed  to  the  radium  to  the  paint  mi* 
as  the  culprit  ( Ref,  3).  tty  this  tithe  radium  was  also  being  employed  to  solution*  as  a tonic  (Ret  4L 
DtarMg  the  1930’ e the  work  of  Evans  md  hi*  u*m elates  (Refo.  S,  6),  to  foilowiag  radium  case*  asset 
determining  the  btoiogtoal  paratmeemre  of  ujjtake,  mimbutioo  aad  -body  burdens,  ^rcaultac'  to  the  rec- 
ommendation that  0.  lug  of  radium  constitute  a tofaefttoto  quantity  aad  that  10“  **  Ci/i  of  radon  «a» 
used  as  an  air  concentration  limit  (Ret  /).  Thu*,  to  19*3  whaa  the  MaRhatitot  District  PtotoaUw 
Project  wa*  beginning  there  were  only  .three  foiaraarc  values  tor  occupational  cstposure  to  radiation 
aad  radioactive  materials  (Ref.  2L 

L 0.1  R/day  for  extern!  X k Y*ra y*. 

2.  CL  1 pg  of  radium  a$  a taariauaa  body  burden. 

3,  10  ^ CI71  of  radon  as  an  * air 


THE  MANHATTAN  PROJECT 


The  extraocdhiary  athtf  record  o£  c*ar  agaric  ledewrry  Is  typl&ad  by  even t»  within  the  Manhattan 
District  (t  eeefy  1944  At  a tttaa  wfam  gfcmiHriwn  wee  available  in  only  wtillywm  amounts  (modi 
Ism  te  biological  tend#,  It  wra  Mgjsated  by  Dr.  Kamlitoa  at  Crocker  Radiation  Laboratory  in 
Berkeley*  California,  that  piutoaium  rnigN:  l*  k*«  tuxic  tfma  tsiium  Ibwa  factor  of  50  and  tftai.  5*  s(*  & C5) 
be osed ns  au internal tolerance tewi,  TfceestimatewasprciMbfybasedant^vaieacs^dtteeet^'depoai' 
Soamo>nuwri«cwwithRa-^(ftet  2k  Baaed  on  this  burden  a two-year  occupational  air  coaceatra* lanof 
2 x 1C'15  g/oa3  (3.  2 x lO^pCi/m  n wed  onpoaid  abac tly  dwrwtir.  In  Aj*rtl  1944  a om-jnkt 
air  tolerance  of  S x B0",cjue/em3  (3  * iO'VCI/m3)  «w  rmrtufl  tweed  on  the  & 1 R/dsy  limit  for 
X and  y tw^iaticnwaadwasmimpcicwtJwtaJiJbaradiatiooUlOtiinMMdamagUtgaaXor  y.  This  last  value 
remaineda*  the  air  caacearmioe  guide  for  tlwrenwiadksroftheFbiconium  Project.  ft  ia  interest^  to  note 
that  tMa  value  cor  impend*  to  a Lag  burden  of  0,  CN|h  CL  a value  tMtU  currently  accepted  >t»tbetv^t -ocoipa- 
tiooal  maximum  permiaxii^piutoi^mN)dyfcurdea<i(ffiS)  for  nuts,  is  March  1945 a safety  factor  of  5 was 
introduced  to  the  MFB8  because  studies  at  Berkeley  concluded  that  pfeaceluro  is  bone  was  much  lees  uniform 
than  was  radium,  Hartford  (Ak.r*t&wa  authorities  iatrotficed  a lector  of  10  for  their  operations,  U\  August 
I94S  Hartford  eatabUahaddriiddt^  water  ttaadarda  baaed oa*  maafomuaperm^ burden  of  0, 

(Ret  2J, 

Table  G mmxaMkm  the  titmtim  an  b enlaced  at  the  termination  of  the  Man  - 

baton*  Project. 

TABLE  tt 

mm»UUM  OCCUPATIONAL  PROTECTION  CRITERIA  DERIVED  DURING  THE  MANHATTAN 
DISTRICTS  PLUTONtUM  PROJECT  <m3-l#46X»iL  21 


Madman  AHosmbte  Sedy  Burden 
tiMantten  District 

Lu  ug 

t&G6«CJ) 

Operations 

CIS  gg 

(&03nCH 

Air  Tolerance  CmoMSt mien 
1-2  year 

5?tl0  **ugA.m3 

iiao^^o/a3! 

Wsswr  Toiarttfac#  CsecwaxstSoin 

CQBUBUUtiy 

1x10  S yg/cw3 

(a6  pCI/m3) 

Plant 

SxSCT^ 

(3.0  oCi/oi3) 

ia  seminary  we  should  »<xe  that  ail  of  dwbody  burden  sfeyalarde were  developed  by  taomjstf 
plattwhw*  with  rertium,  with  bane  a*  the  critical  orgac,  The  air  cueceofi'atioo  value#  are  based  on  • lung 
Itsardea  protects*  & 1 R/day.  The  pls*.'**ter  coeceotratice  value  is  weed  oe  a 30-year  twpoeure. 
afascrpdflactf  0. 06  patxanf  a^  bnato<^2Ut«rsp<r  day  wiU?«t^c.om»>g.fey  value  rneta  cnnaRkyeareapo- 
•nr#  and  a S-Ht«r daily  intake 


•~fror  'the  remakddwr  of  thin  report  we  will  use  a specific  activity  tor  Fu-239  ot  L36x  iiP  tiptop  g. 


focPu-2J* 


ia«  16.3* 


1Hia 

(M 


s 


TO  THE  PRESENT 


The  period  following  World  War  li  to  the  prefect  has  hem  one  of  continuing  study  of  the  plutonium 
problem.  In  September  1949  • tripartite  confer#  -ce  on  permissible  dose  was  held  at  Chalk  River, 
Ontario,  Canada.  Occupational  protection  criteria  for  plutonium  were  issued  and  are  listed  in  Table 
ID.  The  final  selection  of  levels,  derived  in  relation  to  radium,  was  made  after  considerable  debate 
daring  sad  after  the  conference.  United  States  ABC  Operations  proceeded  using  these  values. 

TABLE  Hi 

PERMISSIBLE  PLUTONIUM  LEVELS  - CHALK  RIVER  FINAL  REPORT  (Ret  2) 

Maximum  Permissible  Amount  in  Body  0.5  pg  (0.03 pCi) 

Maximum  Pwcrnlaaltie  Air  * 

(24  hr  day)  2. 5x10  5pg/»n3  (L  SxlO' p Ci/m3> 

ytoj^miaa  p*nolttiEUi  EWaktag  Wait* 

i3  <i.2uCi/m3) 

The  vain*  far  die  maximum  body  burden  wu  adjusted  to  0. 0*  pa  (0. 6 p g)  scon  thereafter  uud 
that  burden  is  Uated  in  the  1950  Recomiaaadatiana  of  the  ICRP  (Nils  Handbook  47)  (Ret  8). 


Wo  turn  enter  a period  when  the  biological  research  community  increased  their  efforts  to  study 
plutonium  m itself  ruthar  than  plutonium  in  relation  to  radium,  iliologicnl  half  time  and  other  mw& 
oottc  cacataota  weredevelopod.  these  dsvelopmants  will  he  discussed  more  folly  la  Section  IV  of  this 
study,  it  auKlcea  for  the  preset  purpose  to  follow  the  results  of  this  v*yck  ns  ft  applies  to  policy 
nod  diroctio*.  Table  IV  lists  values  adopted  during  she  1950'a. 

TABLE  IV 

PLUTONIUM  STANDARDS  ADOPTED  DURING  THE  1950  s 
Harriman 

"S  NCiUTftei.  9)  CcnfereaceiReLl) 

I9S0  . 1955 


ICRHReL  Ifo 

ms 

M**  r^i,  ‘ ' V"  ~i  r n rf  r-  ■ ~ 


ICKPCKeL  IS) 
IWO 


,s3olubte“  Fostna 

Miudmuuv 

Permissible 

Body  Burden  0.04*0 

aoipa 

&04nCs 

lL04pCS 

Maximum 

IVarmUcUie 

Ccqctntraticn-  ■ . . 

Water  L5«a/m3  - foO^O/m3  50  i«a/m3 

Maximum 

iVtrtttbMlbie 

CanceatrAiIao"  , si 

Air  LCklO  yU/m3  -*  &O*i0«a/m5  fo  OatiO  ' yc»/m3 
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TABLE  IV  (Cant) 
’Insoluble"  Forms 


Maximum 
Permissible 
Lung  Burden 

0.008uCi 

-- 

0. 02  pd 

Maximum 
Permissible 
Concentration  - 
Air 

2.  GxlO  **  pCi/m3 

2. 0StlQ~6  pCi/m3  LOxlO5  pCi/m3 

The  1960 ICRP  values  In  Table  IV  are  those  currently  recommaided.  The  terms  ’’soluble”  and 
"insoluble''  used  in  Table  IV  are  relative  and  relate  to  plutonium's  reaction  to  body  fluids  and  pro- 
cesses. 


The  subject  of  maximum  levels  of  surface  contamination,  although  gpt  treated  Jn  Table  IV, 
was  of  concern  to  those  working  with  plutonium.  A level  of  G.  07 /-  Cl/ni  (1  p g/na  ) was  used  during 
the  1950’ s as  a suggested  limit  for  laboratory  wtrking  surfaces.  This  figure  was  never  suggested  as 
pertaining  to  the  general  envir  onment.  Rather,  it  represented  the  "then  existing  capability  of  a sur- 
vey instrument"  and  was  used  as  a "good  house  keeping"  level  (Ref.  1). 


Incident  to  field  testing  operations  in  Nevada  (■  OPERATION  PLUMBBOB),  a hazards  analysis  was 
made  by  Los  Alamos  Scientific  Laboratory  (LASL^  personnel  (Ret  1).  The  analysis  resulted  in  the 
earliest  environmental  surface  contamination  level  whicn  we  have  uncovered.  The  authors  sucreested 
a contamination  level  of  lOOpg/m.^  (6gCi/m2)  as  b ’tig  realistic  for  lifetime  occupancy,  with  the -lung 
being  the  organ  at  risk. 

PRESENT  STANDARDS 

We  have  followed  the  development  of  standards  during  this  century  relating  to  the  plutonium 
hazard.  It  remains  to  specify  current  standards  as  they  exist  within  the  several  regulatory  entities 
in  the  United  States.  Policies  and  directives  of  these  organisations  have  generally  resulted  from  two 
sources;  first,  those  activities  regulated  or  controlled  by  the  AEC,  and  second,  those  activities  of  the 
Armed  Forces  dealing  with  weapons  programs.  In  general,  the  doctrine  of  the  latter  have  followed 
those  of  the  former.  It  is  reasonable,  thm'efore,  to  begin  with  the  policies  of  the  AEC. 

Atomic  Energy  Commission  Policy 

The  AEC  is  the  foremost  regulator  of  the  us©  of  radioactive  materials  in  this  country.  It  derives 
this  power  from  the  Congress  and  furthers  its  responsibilities  in  two  ways;  first,  through  its  licensing 
power  and  second,  by  regulation  of  the  activities  of  its  contractors. 


The  document  of  primary  concern  to  these  licensees  and  contractors  in  the  area  of  contamination 
and  radiation  dose  limits  is  Chapter  1,  Title  10,  Code  of  Federal  Regulations,  Part  20  (10  CFR  20), 
Standards  for  Protection  Against  Radiation.  While  a portion  of  Part  20  deals  with  administrative 
matters,  much  of  It  complies  the  recommendation  of  the  ICRP  and  NCRP  and  gives  to  them  the  weight 
of  law.  A list  of  those  items  of  interest  to  the  plutonium  hazard  follows  (Ref.  12): 


10 


1.  10  CFR  20. 101:  Limits  occupational  dose  to  an  individual’s  blood  forming  organs  to  5 rem 
per  year  rated  at  1. 25  rem  per  quarter.  The  rate  may  be  raised  to  3. 0 rem  per  quarter  if  the  Individ- 
ual's accumulated  whole  body  dose  does  not  exceed  5 (N-18)  rem,  where  N Is  the  individual’s  age  in 
years. 

2.  10  CFR  2d  103:  This  part  establishes  maximum  concentrations  of  radioactive  materials  to 
which  individuals  in  restricted  areas  may  he  exposed.  For  die  present  purpose  we  may  refer  to 
these  as  occupational  concentrations.  This  part  refers  to  a table  of  radionuclide  concentrations 
which  also  appears  in  NBS  Handbook  69  (Ref.  11).  The  table  is  based  on  a 40-hour  week. 

3.  10  CFR  2d  1G4  (a):  Restricts  exposure  of  minors  (less  than  18  years)  to  10  percent  of  the 
whale  body  limits  specified  in  item  1 shove,  L e. , d 5 rem  per  year  whole  body. 

4 10  CFR  2d  104  (b):  Restricts  exposure  of  minors  to  lesser  concentrations  of  radionuclides 
in  restricted  areas  than  is  permitted  for  adults. 

5.  10  CFR  2d  105:  Restricts  the  uses  of  radioactive  material  to  those  that  limit  the  whole  body 
exposure  of  non-occupasioaal  individuals  to  d 5 rem  per  year,  limited  by  a rate  of  2.  Omrem  per 
hour  or  100  mrem  per  7-day  week. 

6.  10  CFR  20. 106:  Restricts  release  of  effluents  to  unrestricted  areas  to  concentrations  not 
greater  than  those  referenced  in  item  4 fox  minors. 

7.  10  CFR  20.  303:  Restricts  release  into  sanitary  sewer  systems  to  certain  tabular ized 
quantities  and  to  materials  that  are  readily  soluble  or  dispersible  in  -water. 

8.  10  CFR  2d  304:  Restricts  dispersal  by  burial  to  certain  tabular  Used  quantities  and  modes 
of  burial. 

9.  10  CFR  2d  305:  Restricts  disposal  by  incineration  except  as  approved  after  application  to  the 
AEG. 

The  above  directions  and  restrictions  apply  by  law  to  activities  licensed  by  the  ABC.  In  general, 
they  also  apply  to  operations  of  AEC  contractors.  In  many  cases  provisions  are  included  permitting 
exceptions  to  rules  upon  an  application  which  shows  that  die  exception  can  be  regulated  with  respect 
to  safety  to  individuals  and  the  population  in  general.  As  previously  stated,  this  part  is  a compilation 
of  the  limits  and  concentrations  recommended  by  the  ICRP  and  NCRP.  As  such  it  is  reasonable  to  use 
these  rules  as  the  basis  of  further  discussions  of  the  plutonium  hazard.  Table  V summarizes  the  limits 
specified  in  10  CFR  2d 
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TABLE  V 


IOCFR  20RADIATEQN  EXPOSURE  AND  PLUTONIUM  LIMITS 


Occupaftocal  exposure  to  who!-* 
body;  bead  and  trunk;  lens  of 
eyes;  gooads;  or  active  Mood 
farming  organs1 

23%u  Maximum  Permissible 
Occupational  Concentration 
(MFC)  In  Air  2 

soluble 

inftrtlllhlg 

5. 0 rem/year 
1. 25  rcm/quarter 
or 

& 0 rem/quarter  if  total 
exposure  < 5(N~18)  rein 

2 x IQ'jjfiCi/ra? 

4 x 10"5pCi/m 

23®Pus  Maximum  Permissible 
Occupational  Concentration 
to  Water  2 

soluble 

insoluble 

100  fiCl/m3 
800  u Ci/m3 

Non -occupational  exposure  to. 
whole  body  or  blood  farming 
organs 

0, 5 rem/year 

limited  to  2. 0 mrem/hour 

or  100. 0 mrem/week 

22%\i  Ncax-occupatlonal  MPC 
in  Air3 

soluble 

insoluble 

6 x lGl|  nCi/m3 
lxl06;Ci/m3 

239Pu  Non-operational  MPC 
in  Water  3 

soluble 

insoluble 

5.  0 p Ci/m3 
3a  0 pCi/in 

239 

Pu  release  to  sanitary  sewer 
the  larger  of  &,  orb. 

limited  by 

soluble 

insoluble 

(l00  pCl/m3  - day 
\800  pCi/m3  -day 
. /a  1 u Ci/day 
\1. 0 Ci/year 

239pu  for  burial 

ia  0 pci  total 

Notes:  1.  Exposure  to  minors  limited  to  10  percent  of  these  values. 

2.  Computed  at  40  hrs  per  week,  50  weeks  per  year  for  50  years  exposure. 

3.  Computed  at  168  hours  per  week,  L e. , continuous.  Also  applies  to  minors  in  restricted 
areas. 


It  is  useful  at  this  point  to  present  various  limits  for  plutonium  “239  listed  in  NBS  Handbook  69 
(Ref,  11),  as  is  done  in  Table  VI.  Those  values  also  appearing  in  10  CFR  20  are  inclosed  by  paren- 
thesis. 10  CFR  20  values  for  the  non -occupational  case  ( 168  hr  week)  are  more  restrictive  by  a fac 
tor  of  la 
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TABLE  VI 


1939  RECOMMENDATIONS  OF  THE  NCR?  FOR  PLUTONIUM  (Ref.  11) 


Maximum 

Maximum  i uCi/m^i 

Organ 

Permissible 
Body  Burden 
(pCl) 

For  40  hr  week 
MFC  Water  MPC.  Air 

For  168  hr  week 
MPC  Water  MPC  Air 

f 

Bone 

a 04 

(ioao)* 

<2.0sl0‘V 

50, 0 

6.0xl0“7 

Liver 

a4 

soao 

7.<kl0‘6 

mo 

2.  QslO"6 

Soluble  j 

Kidney 

as 

?oao 

9.  CxlO'6 

2oao 

3. 2xl06 

. ” ; 

k G.f. 

— 

mo 

2x10* 

mo 

6.  QrlO"2 

Total  Body 

a4 

1000.0 

LOrlO'5 

mo 

5.Qrl0-6 

InmluMfi 

’Lung 

-- 

(AQrlO'5) 

. — 

LCtelO-5 

«*• 

(soao) 

2.0x10“* 

3aao 

5.  Qk10"2 

'‘Parenthesis  indicate  values  also  appearing  1c  10  CFR  20. 

Note  that  no  limits  have  yet  bean  set  concerning  maximum  permissible  surface  contamination. 
Personal  experience  with  ABC  licensing  indicates  that  where  operations  Involve  surface  contamination, 
contamination  densities  must  be  shown  on  application  to  be  such  that  the  concentrations  In  air  listed 
above  will  not  be  exceeded. 

One  other  limit  imposed  by  AEC  regulations  in  10  CFR  £40  is  of  interest.  That  2 

part  deals  with  financial  protection  of  licensees  and  indemnity  agreements,  and  lists  Q.  35pCl/jn 
(Pu  alpha)  as  a surface  contamination  level  above  which  the  AEC  will  find  that  a substantial  discharge 
to  offsite  property  has  occurred  (Ref,  12).  This  quantity  of  Pu-239  corresponds  to  contamination  of 
approximately  6pg/m2. 


Department  of  Defense  Policy 

Present  DOD  policy  with  regard  to  plutonium  decontamination  is  contained  in  the  joint  AEC  -DASA 
publication  TP  20-5,' "Plutonium  Contamination  Standards','  22  May  1968,  with  Change  1,  IS  August  1969 
(Ref.  13).  TP  20-5  "prescribes  joint  DOD -AEC  policy  relative  to  decontamination  requirements  for 
terrain,  structures,  equipment,  and  other  objects,  contaminated  by  alpha  emitting  nuclear  materials 
as  a result  of  an  accident  involving  United  States  (U.  S.)  nuclear  weapons. " 

The  decontamination  standard  prescribed  is  that  areas  contaminated  to  levels  greater  than 
1000  pg/m2  shall  be  decontaminated  until  surface  readings  are  reduced  to  less  than  1000  pg/m2  where 
such  reduction  is  possible  and  is  consistent  with  reasonable  cost  and  effort.  This  level  corresponds 
to  approximately  61  pCi/m2 . The  policy  is  not  intended  to  represent  an  inflexible  rule  but  represents 
a starting  point  fox  consideration. 


13 


Army  Policy 

Amy  policy  is  contained  in  FM  3-15," Nuclear  Accident  Contamination  Control"  17  June  1966 
(Rel  14)  (now  being  revised).  The  Amy  designates  Pu-239  contamination  greater  than  IQOp  ngfrxi 
as  being  a "sijpiificcat  hazardous  level, " however,  "any  ccmcensratiim  higher  than  10  pg/na  may  pro- 
duce a serious  resuspensian  problem. " 

For  decontamination  purposes  terrain  contaminated  above  levels  of  3, 500  pg/m2  is  defined  as  a 
chronic  hasard  area  and  should  receive  first  priority  for  consideration,  L e. , immediate  or  deferred 
decontamination.  Levels  above  1000  ug/m2  "should"  be  decontaminated  depending  upon  area  popu- 
lation, use,  cost  and  similar  factors.  An  additional  statement  is  worth  quoting;  it  is:  "In  general, 
populated  areas  should  be  decontaminated  to  essentially  ssro  levels  whenever  possible. " 

The  DC®  policy  level  of  1000  pg/m2  and  the  Army  guides  of  3S00  pg/m2  and  1090  pg/ra?  seem  to 
be  outgrowths  of  the  same  work  done  following  OPERATION  PLUMB80B  (Ref.  IS).  The  level  of 
3500  fig/m2  was  arrived  at  using  lifetime  occupancy  and  the  lung  as  the  critical  organ.  This  level 
was  reduced  by  a factor  of  3.5  and  2000  pg/nr  was  recommended  as  the  level  of  concern  in  the  acci- 
dent situation. 


Navy  Policy 

Navy  policy  relating  to  plutonium  contamination  is  published  in  NAVMED  P -5055,  "Radiation 
Health  Protection  Manual,"  1964,  with  Changes  1-6,  the  latest  dated  July  1970  (Ref.  16).  Radioactive 
contamination  is  defined  as  "50  pCi  for  alpha  activity  as  measured  on  a dry  filter  paper  wiped  over 
an  area  of  100  cm2  " (0. 005  pCi/ra2). 

An  airborne  radiation  area  is  defined  as  any  area  to  which  personnel  may  obtain  limited  access 
and  in  which  airborne  concentrations  exist  is  excess  of  the  occupational  levels  stated  in  10  CFR  20. 
Although  a plutonium  body  burden  is  not  discussed  per  se,  it  is  defined  as  one  of  a general  case  as, 

"A  maximum  permissible  body  burden  shall  be  limited  to  that  amount  which  results  in  an  exposture  not 
to  exceed  the  biological  equivalent  of  0, 1 jig  of  radium -226  in  the  bones,  nor  15  rem  per  year  or  5 rem 
per  quarter  for  other  organs. " 


It  is  of  interest  that  rather  than  specifying  1. 25  rem  per  quarter  for  whole  body  external  exposure 
limits  as  does  10  CFR  20,  the  Nayy  omits  that  level  and  specifies  the  limit  of  3. 0 rem  per  quarter, 
an  option  of  10  CFR  20,  limited  by  the  lifetime  dose  formula,  5(N-iS). 

Decontamination,  in  NAVMED  P-5055,  is  treated  as  a control  measure,  along  with  monitoring 
and  isolation,  "to  protect  personnel  in  the  contaminated  area  (levels  greater  than  0. 005  pCl/m2),  and 
to  stay  within  the  limitation  of  maximum  permissible  concentrations  of  radionuclides. . ..."  of  10 
CFR  20.  Tills  level  is  reasonable  in  the  laboratory  environment  and  agrees  with  those  established 
for  laboratories,  e.  g. , LASL  (Ref.  17). 


The  naval  Incident  response  team  follows  AEC-DASA  publication  TP  20-5  (Rof.  13)  for  case  of 
environmental  "real  estate"  contamination  incidents.  Thus,  1000  pg/m2  (61  pCl/ra2)  is  recognised 
as  the  level  of  concern. 


Air  Force  Follcy 


Ultimate  Air  Force  policy  for  decontamination  following  a nuclear  weapon  accident  is  provided  by 
AF  Manual  355-1,  "Disaster  Preparedness,  Planning  and  Operations;'  with  Change  i dated  December 
1966  (Ret  18).  With  reference  to  contamination  levels  paragraph  14-13  states,  "The  On-Scene 
Comm  cuter  will  have  to  evaluate  die  advice  of  die  on-scene  medical  officer  in  die  context  of  politi- 
cal, diplomatic,  and  other  significant  considerations. " 

Air  Force  Regulation  160-132,  "Control  of  Radiological  Health  Hazards"  December  1968  (Ret  19) 
specifies  permissible  fired  alpha  contamination  limits  for  laboratory  equipment  and  working  surfaces 
at  900  dpa/100  cm2  (0. 04  pCi/m2).  APR  161-8  (Ret  20)  and  AFP  160-6-7  (Ret  21)  also  treat  expo- 
sure limits  and  permissible  concentrations.  These  publications  are,  in  effect,  10  CFR  20  and  NBS 
Handbook  69. 

Thus  we  find  that  Air  Force  policyrecognizes  generally  accepted  limits  for  radiation  exposure 
and  airborne  concentrations.  In  addition,  the  Air  Force  presents  the  On-Scene  Commander  certain 
latitude  far  decontamination  of  the  nuclear  weapons  accident  environment. 

Policies  of  Other  Federal  Agencies 

Literature  search  and  personal  contacts  indicate  that  four  other  federal  agencies  currently  speci- 
fy contamination  limits.  All  of  these  &?e  specified  In  conjunction  with  packaging  of  materials  lor 
shipment.  The  agencies  and  reference  documents  are  as  follows: 

L Department  of  Transportation,  49  CFR  173, 397  (Ret  22). 

2.  Federal  Aviation  Agency,  14  CFR  103  (Ret  23). 

3.  U.  S.  Coast  Guard.  DOT,  46  CFR  146. 19-30  (Ret  24). 

4.  U.  S.  Postal  Service  (Ref.  25). 

The  Department  of  Transportation  specifies  220  dpm/100  cm2(0. 01  pCi/m2)  of  removable  alpha 
contamination  as  being  "not  significant",  and  specifies  that  level  for  reuse  of  previously  contaminated 
transport  vehicles. 

Standards  of  the  Department  of  Transportation  are  generally  specified  by  the  other  three  agencies 
in  their  directives.  We  note  that  these  limits  do  not  refer  to  large  area  environmental  contamination. 
Table  VII  summarizes  current  U.  S.  federal  standards. 


TABLE  VH 

SUMMARY  OF  FEDERAL  AGENCY  PLUTONIUM 

DECONTAMINATION  STANDARDS 
Environmental* 


' AggBcjr  ' 

Standard 
jig /m2  or 

(fiCi/m2) 

DOO/AEC  (Weapons  Accident') 

1000 

61 

U.  & Army 

1000 

61 

U.  & Navy  ■-  v ^ 

1000 

.61 

U.  S.  Air  Force 

ABC**  (See  note.  Levels  are  inferred) 

1000  61 

or  as  directed  by  On-Scene 
Commander 

a.  5.6  0.34 

b.  0.96  0.06 


Dept,  of  Transportation 

0.16 

0.01 

Federal  Aviation  Agency 

0.16 

0.01 

U.  S.  Coast  Guard,  Dept  of  the  Treasury 

0,16 

0.01 

U.  S.  Postal  Service 

0,16 

OuOi 

•These  standards  shown  as  "Environmental"  pertain  to  wide  area  "real  estate"  contamination.  Those 
listed  under  "Transportation"  refer  to  conveyances  and  package  and  not  to  wide  area  situations. 
Many  agencies  have  lower standards  for  laboratory  use. 

**  ABC  does  not  stipulate  an  environmental  decontamination  limit  as  such.  Inferred  level  "a"  Is  from 
10  CFR  140  and  concerns  indemnity  agreements.  Inferred  level  "b"  is  based  on  10  CFR  20  limits  on 
effluent  releases  to  uncontrolled  areas  anti  application  of  a teauspension  factor  of  10*6  m“*. 
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SECTION  III 


PHYSICAL  PARAMETERS  OF 
PLUTONIUM  CONTAMINATION 

This  section  of  the  study  will  deal  with  those  factors  involved  during  and  after  a weapons  acci- 
dent which  lead  to  a resuspended  plutonium  airborne  concentration  that  is  potentially  hazardous.  The 
section  immediately  following  will  deal  with  information  currently  known  concerning  the  disposition 
of  inhaled  plutonium  in  the  body. 

PHYSICAL  PROPERTIES  OF  PLUTONIUM 

, 3 

Plutonium,  with  an  atomic  number  of  94,  is  a heavy  metal  with  a density  of  16. 5 - 19. 7 g/cm 
depending  upon  its  crystalline  phase.  Although  shiny  when  freshly  worked,  it  quickly  oxidizes  when 
exposed  to  air  taking  on  a dark  brown  to  black  appearance.  It  is  pyrophoric  and  should  be  stored  under 
oil  when  in  flue  form.  It  reacts  with  water  and  Is  potentially  dangerous  due  to  liberated  hydrogen. 
There  are  many  isotopic  forms;  however,  those  of  interest  in  the  accident  situation  are  Pu-238  and 
Pu-239.  These  isotopes  are  alpha  emitters  and  constitute  an  infernal  biological  hazard.  Plutonium - 
239  is  of  interest  because  of  its  abundance  in  weapons  and  Pu-238  because  of  its  use  in  power  sources. 
Half  lives  for  the  two  isotopes  are  24, 360  years  for  Pu-239  and  89  years  for  Pu-238,  The  specific 
activity  of  Pu-239  is  about  0, 061  Ci/g.  Plutonium -238  is  about  270  times  more  active  (Ref.  26). 

DISPERSION  OF  HAZARDOUS  MATERIAL 

In  the  accident  situation  a wide  spectrum  of  developments  can  ensue.  These  range.  In  the  Impact 
case,  from  the  weapon  remaining  Intact,  through  weapon  case  rupture  to  high  explosive  detonation. 

If  the  incident  Involves  fire,  damage  may  range  from  case  charring,  through  component  melting  (to 
include  melting  of  the  plutonium),  to  high  explosive  burning  or  detonation.  The  hazards  of  interest 
result  when  the  plutonium  is  involved  in  a fire  or  high  explosive  detonation. 

In  these  last  situations  plutonium  is  released  from  the  Immediate  area  and  is  subject  to  trajecto- 
ries dependent  upon  its  physical  end  chemical  forms.  Some  may  be  dispersed  in  chunk  form  and 
subsequently  constitute  a minimal  hazard.  Of  much  greater  concern  is  that  material  which  is  dis- 
persed in  die  form  of  respirable  aerosols.  The  plutonium  in  these  aerosols  is  in  the  form  of  the 
dioxide,  a compound  that  is  quite  insoluble.  Our  interest  then  is  to  describe  the  physical  parameters 
of  this  aerosol. 

In  the  fire  situation  with  no  high  explosive  detonation,  dispersal  of  die  plutonium  dioxide  as  to 
amount  is  quite  variable,  dependent  upon  the  surface  of  plutonium  available  to  the  fire.  Thus  when 
die  weapon  case  is  intact  or  partially  so,  perhaps  only  a limited  quantity  of  plutonium  is  at  risk. 

When  major  case  damage  has  occurred  with  component  breakup  and  dispersal,  a larger  surface  Is  at 
risk.  In  tests  conducted  in  a flue  system  plutonium  was  subjected  to  oxidation  at  temperatures  ranging 
from  500*  C to  830*  C,  within  the  range  of  petroleum  fires.  In  this  case  the  entire  surface  of  the 
plutonium  sample  was  exposed.  The  sample  tended  to  flake  with  only  a small  portion,  about  2 percent, 
being  liberated  as  an  aerosol,  all  In  die  respirable  range  (Ret  27),  Ocher  variables  which  must  be 
considered  are  any  surfaces  or  scavenging  material  In  the  immediate  vicinity  of  the  fire.  Although 
attempts  have  been  made  to  evaluate  the  action  of  scavenging  and  plating,  the  data  available  are  sparse, 
especially  with  regard  to  particle  size.  It  suffices  to  indicate  that  materials  such  as  aircraft  structure 
or  storage  bunkers  will  be  relatively  heavily  contaminated  (Ref.  28). 
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The  situation  following  detonation  of  the  associated  high  explosive  is  considerably  different.  In 
this  case  the  plutonium  is  reduced  to  fine  particles  and  entrained  by  the  cloud  of  detonation  gases 
(Ret  29).  With  the  exception  of  scavenging  actions  of  nearby  structures,  virtually  all  of  the  plutonium 
involved  may  be  available  for  dispersal  to  the  atmosphere.  Data  from  tests  conducted  during  field 
experiments  indicate  that  approximately  20  percent  of  the  aerosol  liberated  in  such  situations  falls 
within  the  respirable  range  of  particle  diameters  (Refs.  30,  31). 

The  fate  of  the  aerosol  in  both  the  fire  and  detonation  cases  is  a function  of  many  variables.  In 
each  case  the  material  is  carried  aloft  in  the  cloud  associated  with  the  fire  or  explosion.  An  empiri- 
cal relationship  has  been  developed  for  the  explosion  case  (Ref.  32)  and  data  is  available  from  field  . 
testing  which  relates  aerosol  mass  distributions  within  the  cloud.  The  fate  of  aerosols  in  the  fire 
situations  should  be  similar.  The  absolute  cloud  height  will,  of  course,  depend  on  the  intensity  and 
area  of  the  fire.  Relative  mass  distribution  in  the  cloud,  however,  should  be  similar  to  the  explosion 
case  (Ref.  29). 

Once  the  cloud  has  formed,  the  aerosol,  with  its  own  aerodynamic  characteristics,  reacts  with 
the  prevailing  atmospheric  conditions.  The  most  important  of  these  are  wind  direction,  speed  and 
atmospheric  turbulence.  Computer  codes  have  been  developed  which  treat  the  hazard  associated  with 
passage  of  the  plume  (Ref.  29)  and  the  fallout  on  the  ground  as  the  plume  disperses  (Ref.  33).  Hie 
former  is  concerned  with  the  acute  hazard  of  inhalation  as  the  plume  passes,  while  the  latter  has 
among  its  options  the  development  of  isopieths  (contours  of  equal  contamination  density). 

The  following  tables  present  results  obtained  using  the  two  codes.  Table  VIII  indicates,  as  a 
function  of  distance  and  number  of  weapons,  the  percent  of  the  time  that  meterological  conditions 
would  exist  yielding  an  acute  dose  committment  of  15  rem,  a United  Kingdom  one-time  emergency 
dose.  Assumptions  employed  include: 

1.  Two  percent  of  the  plutonium  involved  in  a fire  is  liberated  as  an  aerosol  and  all  oflt  is  re- 
spirable. 

2.  Twenty  percent  of  the  plutonium  liberated  by  an  explosion  is  respirable. 

3.  Plume  height  for  fire  calculations  is  assumed  to  be  the  same  as  that  for  explosive  releases. 
This  is  conservative  if  a jet  fuel  fire  larger  than  about  100  to  200  ft 2 is  involved. 

TABLE  VHI 

PERCENT  OF  TIME  A 15  REM  COMMITTMENT  IS  EXCEEDED 

DURING  PLUME  PASSAGE  AT  DISTANCE  SHOWN (Rei.  30) 

Explosion  Fire 


#Weapon 

10% 

as 

i! 

m 

il 

j% 

1 

- 

a 2 ml 

OL  4 mi 

. 

- 

■ - 

2 

- 

a 9 ml 

L 3 ml 

- 

- ■ 

- 

3 

1.0mi 

0.9mi 

- 

- 

- 

4 

1.0  mi 

1. 6 mi 

2.5  mi 

- 

- 

«• 
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Eighty  different  combinations  of  meter ologicai  parameters  were  used  in  the  calculations*  The 
author*  summarise  stating,  "The  fixe  calculations  for  four  weapons  does  not  predict  doses  exceeding 
15  rem  anywhere  (except  possibly  right  in  the  fire);  whereas,  the  detonation  of  even  one  weapon  does." 

Table  IX  presents  a summary  of  deposition  calculations.  Predictions  of  fallout  patterns  are  re- 
ported for  cloud  heights  varying  from  500  feet  to  3000  feet  for  fires  and  1000  feet  for  explosions. 

Winds  at  5 and  10  mph,  with  and  without  shear,  were  considered.  The  data  are  presented  in  square 
kilometers  and  represent  foe  prediction  for  incidents  Involving  four  weapons.  The  lower  figure  for 
each  condition  corresponds  to  foe  situation  without  wind  shear  while  the  larger  represents  that  with 
wind  shear. 

TABLE  IX 


SUMMARY  OF  DEPOSITION  CALCULATIONS  (Ref.  29) 


Level 

5 mph 

Wind  Speed 

10  mph 

. 2 
p g/m 

Cose 

(km2) 

(km2) 

ai 

Explosion 

43-85* 

43-64* 

Fire 

0-10 

0-5.2 

2.0 

Explosion 

30-64* 

32-47 

Fire 

- 

100 

Explosion 

4 4 - 5*  0 

S-5.2 

Fire 

- 

m. 

1000 

Explosion 

0,85 -CL  87 

a 75  -a  82 

Fire 

<* 

••  ■ 

* 

Area*  exceed  these  values 

- isopiefoa  did  not  dose. 

These  data  with  respect  to  explosion*  are  in  general  agreement  with  OPERATION  ROLLER 
COASTER  findings  (Ret  34). 

RESUSPfiNSJON  OF  THE  HAZARD 

Inveatigafors  are  in  general  agreement  that  plutonium  resting  on  foe  ground  does  not  constitute  a 
baxaxd  to  mmu  Concentration  factors  in  plants  and  various  food  chain  system*  show  large  and  suc- 
cessive redactions  between  stage*.  * (For  example,  see  Set  35,  p.  6).  The  hazard  toman  from 
plutonium  contaminated  surfaces  is  due  to  reaxispmaimt  of  the  radioactive  particles  into  the  breathing 
gone.  This  remupemrlOQ  is  a function  of  many  variables,  few  of  which  are  understood  to  the  degree 
accessary  to  form  well  founded  conclusions. 

* ” One  exception  to  this  situation  is  coaaguratioa  in  marine  plants  (Refs.  36,37).  Conceatrations  by 
lectors  of  1CF  have  been  reported. 


Consider  the  case  of  open  terrain  contamination  and  remember  that  our  interest  is  with  particles 
in  the  respirable  range.  We  must  trace  the  fate  of  particles  falling  to  the  surface  that  are  in  the 
respirable  range  and  outside  of  it  also.  Particles  in  the  fallout  plume  that  are  larger  than  the  respir- 
able range  may  later  become  respirable  as  a result  of  abrasion  due  to  meteorological  conditions  or 
use  of  the  surface  by  animal  and  man.  Particles  that  are  within  the  respirable  range  may  fall  to  earth 
and  adhere  to  other  particles,  resulting  in  a combined  particle  that  now  falls  beyond  the  respirable 
range.  This  adhesive  force  can  be  quite  large.  Laboratory  tests  iming  sonic  vibration  up  to  90  G’a 
failed  to  separate  die  adhered  particles  (Ref.  38).  f 

f 

* 

Weathering  alone  tends  to  reduce  detectable  alpha  contamination  as  the  plutonium  particles  are  ; 

mixed  and  covered  by  solL  Desert  sands  offer  gigantic  hiding  places  to  the  contaminant  in  the  mlcrou  | 

range.  Resuspension  from  grassy  surfaces  tends  to  be  greater  than  from  soil-only  surfaces,  probably  j 

because  of  the  contaminant  being  above  the  boundary  layer  between  the  surface  and  turbulent  sir  ; 

(Ret  39).  Similarly,  resuspenslon  from  buildings  and  other  structures  which  are  more  subject  to 
direct  winds  will  ditto?  from  that  of  soli. 

The  term,  resuspension  factor,  plays  a significant  role  in  the  description  of  resuspended  partic- 
ulates. Resuspension  factor  is  defined  as  the  ratio  of  airborne  concentration  in  unite  of  activity  or 
mass  of  material  per  unit  volume,  to  the  activity  or  mass  of  material  per  unit  area  of  surface  contam- 
ination. Its  units  thus  become  Inverse  length. 

Experiments  to  determine  resuspensfon  factors  under  various  conditions  have  been  carried  out  in 
the  laboratory  and  In  field  tests*  Each  Is  valid  only  for  the  conditions  of  the  individual  experiment. 

Figure  1 summarises  the  results  of  extensive  laboratory  tests  conducted  indoor#  with  FuA,  con- 
taminant sad  aeversl  different  types  of  Surfaces  (Ref.  4®.  The  histogram*  are  for  different  dunes  of 
personnel  activity  in  the  laboratory.  The  designators,  K*  aadK^  represent  activities  of  14  steps/ 
min  simulating  deoiled  monitoring  procedures*  and  36  representing  spot  monitoring.  Ex- 

periments to  establish  K.  representing  203  «tep«/min  and  surface  disturbance  with  fctowess  resulted 
to  values  which  were  not  significantly  differed  from  those  presented  for 

The  dais  indicate  .that  for  these  laboratory  surfaces  the  resuapeoalw  factor  will  probably  be  to  ■ j! . . 

the  ranga  between  Mr6  and  tCT*«T!,  and  agree  well  with  the  resuspeasloa  factor  of  4 x lQ'^r*  used  ; 

to  establish  United  Ktntedom  derived  working  limits  for  alpha  commatoatloe.  Ibe  aaltoSS  stats  In 
their  conclusions  that  the  rteuapenaiou  factor  to  this  strict,  of  experiments  to  probably  larger  then  L 

would  generally  be  experienced.  j;‘, 

Kesueptuaion  factor  values  ftrom  « number  of  United  Kingdom  field  tests  are  available  (Ret  t% 
these  values  nags  firoox  ICH  for  inclosed  apace#  and  very  dusty  operations  to  SO*®  m’*wben  no  ' . . j "• 
artifice*  dUturbanoc  was  created  the  author-  concludes  that « representative  value  for  an  outdoor  J.. 

resuapeurten  factor,  under  quiescent:  coodiiUma  ta  Under  conditions  of  moderate  activity  . »• 

this  factor  should  be  tocre^cd  by  a facrorofiOL  Resets  of  OPIi&AtlOhS  PLUMllbOli  aug^r  that  ? 

xttsuspasSton  factors  of  10'5  to  iO*7  M**are  reasonable. 

Air  sanpling  of  reauspendad  particulate*  during  OPERATION  PLUMikHOB  Indicated  that  a majority  i 

of  the  particles  Ue  within  tbs  respirable  range  with  a mass  median  dUnwxer  of  t.  5 - 2.0  pm.  in  • 

addition*  data  are  presented  which  show  a.  general  decline  in  air  concentration  with  time.  An  sfiec-  f 

five  halMiie  of  35  days  for  fids  decrease  to  suggested  ( 8e£,  30K  | 

: „t 

There  remain  two  Interesting  findings  that  deserve  mention  prior  to  summarixtog,  The  first  is*-  t 

finding  of  OPERATION  ROLLER  COASTER  resulting  from  • rather  exhaustive  particulate  analysis  i 
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(&«&  41).  A targe  range  a ecthb./  (raiBcoctfrity)  mm  obeurrad  far  « gjhrw  pcttcla  ata*.  Whila 

*Ttamajartwcf  |*attelaeh>dph*OMhmiCBtidccaet«otao£I*aithafl  23pargaB^..,.,•  in  mat  tad 
than  1 paraa*  te  earths  Particle  daaaky  etinw—  from  leas  than  I tad  up  to  19  g/cta3  were 
m*5t>  ikfaoM^  tfa«  <Vw»m«w  taad^  to(»trd  t!»  hl|^>g  range  as  particle  cla>  dacrauMd.  Thu#,  when 
drawing  eoncluataaa  ooncnenirg  fobaLafioa  burned  fa itoeteg  » impact  plutonium  ccetamlnatioc  incl- 
(kat,  k nuy  be  gilt*  laaccurata  to  base  the  analysis  on  particle  »Uce  alone,  That  te*  a particle  la  the 
rss^fcaiciry  eta*  xim&  ‘jf  not  likely  to  be  pure  PuCj.  In  artflb  bun,  label afltoa  dynamic*  le  a function  of 
perttetadau&y,  Melyale  beeed  oo  dteeWee  of  the  order  of  I0g/crn3wmbelaemff  wbenparticlee 
c^theraugaof  daiuUiaacited  mjdceupthepo|*il*ti^  It  iapoaalbte,  however,  that  toe variance  may 
eeenge  out  In  the  density  cane.  Mo  ra«w»tiif  uw  »»  made  in  fhf*  literature. 

11*  aacand  {lading  M b*are*t  t»  tbe  geoeral  difficulty  of  determining  an  actual  ground  co&ttmina- 
Qon  lei*.  eeptclaUy  whoa  looking  at  retatftaly  Um  levels  of  eaataffliaattoa.  When  burveylng  follow- 
tat  am  incident,  movement  of  the  meter  across  adjacent  tnu  can  cause  large  change*  la  the  surface 
coBtamijiatlon  trluatti  Additionally,  radiochemical  aulyiit  of  aotl  samples  point*  up  large  varta- 
Uone  of  estimates  of  adjacent  samples  and  substantial  variance  among  m*trnt  paw*  of  the 
aampla^e  m a ample  fetomo««*Uy  (Ret  42).  OPERATION  PUUMBBC6  isopieths  determined  by  sur- 

toeaurveya  beb^thehi#er  oftite 

We  hay*  pointed  out  to*  the  variable*  tsaociefad  with  the  description  of  the  physical  properties 
of  plutonium  contamination  ore  many  and  pecu'W  defined.  We  do  not  mean  to  imply  that  rsaearchere 
do  wx  recognise  this  feet,  Indeed.  such  eoudurksui  wwre  conataniiy  being  dream  by  fajowiedgeable 

b#md&mtebw<*sx  wort  <*  tot*  atttiy,  Ongoing  work  U directed  toward  better  defintelon  of  tbe 
parameter*  issobrao. 


Pertapa  the  moat  notable  cur***  «&**  fc»  tot*  «r#*  is  th«  being  unde 
vitmuaaeol  iVatactioe  Agency  (AEC/FPA) ' lattsdindpllaary  applied  r«wm 
Nevada  T«*  Shew  With  e base  of  data  dr^-elop* 

ewer  the  year*,  stage*  will  tsp  made  «:o*«rtBg  ail  factor*  of  the  ptarfetum 
iekjal  ittereye  and  sail  sampling  are  already  underway.  Week  eo  dstarmi 
tmr  parameters  awetai  ocriy  to  l$i»2»  The  programs  presently  cavi&bau 
years  he  Catayimia c.  ■ 


tu  a joint  A8C/£«» 


toped  from  peevtou*  teasing 
ium  ocsujuriimtfkm  hawrd. 
ttmimsOao  of  reeoajjeoaios  lac- 
sloand  wiM  setjutoe  several 


iossif  deojeuaOftatioe  standard*  requiree  that  the  reeuap 
kd  haurdcue  tttafterial  be  defined,  itt  the  ease-  of  the  tt> 
ewer  t sm»ar»  of  ma^p&Uvsie.  Atwiyai*  of  tbe  luetaiurc 


factor  and 

sloe  team* 

pare  opinion 


aegysts  tbala  remayranoo  taocc  u ^ ’ 

k - is*6**1  m 

iw  «o{£oy«L  A'Jbough  we  have  cicad  ene-  of  th*  variables  inoivoci  b»  tescrihit*  the  fat*  d* 
pheonito*.  PwJoiUtes.  U aoetna  meat  reaacrabia  wd  properly  ta  essyine  th*  *ii  of  tbe 

m»iriai  thee  is  reeuapaodad  into  th#  b*'  fath&g-  ana*  faiia  i**«  the  riMpirabie  tam  e.  Aiditlanaliy.  any 
aawlyaiapas  scrmod  * iackkee  aite*  at-mnid  on  Iwcd  ou  pacific  pasticuiat*  aolvUies  and  sot  smy  oo 

SkeiaetAta.  aia>^  A.'wa  mcA  «...  / 


SECTION  IV 

THE  BIOLOGY  OF  PLUTONIUM  CONTAMINATION 


THE  EARLY  YEARS  (Ret  2) 

The  early  days  of  the  Manhattan  Plutonium  Project  saw  minimal  amounts  of  plutonium  being  avail- 
able for  biological  research.  In  January  1944  after  concern  ants  voiced  as  to  Its  possible  harmful 
effect*.  11  mg  was  allocated  to  Berkeley  for  animal  uptake,  distribution  and  excretion  studies.  A. 
record  for  speed  In  biological  research  may  have  been  established  when  Dr.  Hamilton  reported  about 
a month  later, 

"Oral  absorption  of  all  valence  states  to  leas  than  (X  OS  percent;  lung  retention  high;  absorbed 

material  predominantly  In  skeleton?  esemloa  very  small  In  urine  and  feces.  ” 

Later  in  1944  metabolism  and  toxicity  studies  were  begun  at  the  University  of  Chicago,  aloeg  with 
studies  to  determine  acute/subscute  levels  for  plutonium.  Inhalation  and  tracheal  intubation  studies 
were  begun  in  June  1944.  By  early  1943  the  data  from  animal  excretion  studies  were  applied  xa  human 
urine  assay  for  workers  in  plutonium  laboratories,  in  April  1945  tracer  studies  in  hopelessly  ill 
human  voluateers  were  being  employed  to  further  fix  human  excretion  rates, 

M mentioned  in  Section  U of  this  study,  the  early  permissible  levels  for  plutonium  coetamtoa- 
tiou  war*  bsaad  on  comparisons  of  relative  hazard  with  respect  to  radium.  At  this  early  time  auto- 
radiograph studies  at  Berkeley  establish od  that  plutonium**  distribution  in  the  bone  was  much  less 
uaifogtn  tfeffi  wee  tfa**  of  radium. 

The  m'mrcmenUoftsd  studies  continued  through  the  horde*.  The  work  leading  to  the  establishment 
of  adi  pCi  a*  a mg}mm  permissible  body  feedea  waa  aummariasd-  by  Bruerto  April  1950,  Relative 
toilciiy  rtiSae  between  radium  and  plutonium  in  term*  of  tojaetod  activity  par  kilogram  of  subject  were 
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Other  studies  duxtog  the  per  tod  included  delayed  toxicity  tedega  at  the  University  of  Utah  School 
Of  .Medictee  and  chronic  tohalaUco  In  dears  at  the  University  of  Rochester  School  of  Medicine  and 
Dentistry. 

It?  19S0  the  ICRP  recommendations  previously  cited  iocor^cxased  concepts  of  a "standard  m&a"  and 
employed  a tong  model  to  its  derivation  of  suggested  standard*.  Recognition  was  given  to  previous 
experfmental  Work  which  derived  various  constants  far  das  raatoboUato  of  plutonium.  The  model  twgd 
caUaaated  that  10  percent  of  soluble  compounds  inhaled  to  shear  bed  with  a biological  half  time  of  iO* 
day*.  Tbs  mesa  life  tor  fcwtthtol*  piatoeftua  cctnfcuaia  to  the  toag  was  sat  ai  200  daya.  The  maximum 
pwnaifcrihk  air  coacentradoo  calculatkife  tx  iaseluHs  cotcepotosda  lad  to  a value  over  three  times 
grsscar  than  that  tor  soluble  uwcpaaato.  Tint  lower  figure  wee  recommended  as  the  limit  for  com- 
pound*  to  both  cstegtarte*.  however,  because  of  "the  pcaaibCLy  of  the  traaafdrence  of  some  of  the 
iggofcbte  material  from  tbs  lungs  to  the  skeleton"  SL 


The  NCRP  published  a new  lung  model  in  1953.  Their  suggested  maximum  permissible  concen- 
trations remained  the  same  as  those  of  tbs  1C8P;  however,  some  changes  ia  metabolic  constants 
were  suggested.  This  model  states  that  75  percent  of  soluble  inhaled  material  is  deposited  in  the  lung 
and  two-thirds  of  this  is  scavenged  in  the  upper  respiratory  tract  and  soon  cleared  through  ciliary 
action  and  swallowed.  The  remaining  one-third  is  retained  in  the  lower  respiratory  tract.  Fractions 
of  both  upper  and  lower  tract  quantities  go  to  the  blood  and  thence  to  organs  fed  by  the  Mood.  Twelve 
percent  wf  insoluble  aerosols  are  retained  in  the  lower  respiratory  tract  for  long  periods,  with  the 
lung  being  considered  as  the  critical  organ  (Ref.  91. 

National  and  international  committees  continued  their  work  during  the  1950' s and  early  1960's 
toward  refining  models  and  methods  of  treating  plutonium  in  the  human  biological  system.  Concepts 
of  absorbed  dose,  relative  biological  effectiveness,  quality  factors  and  tne  like  were  suggested,  de- 
fined and  redefined,  ail  in  an  attempt  to  provide  the  Investigator  with  better  bases  from  which  to  draw 
conclusions.  The  current  1965  model  is  discussed  in  Section  V of  this  study;  the  1973prcposed  model 
Is  discussed  in  Appendix  A. 

RECENT  AND  CURRENT  RESEARCH  . . 

Researchers  in  biology  have  attacked  the  plutonium  hazard  in  several  ways.  The  research  had 
involved  soluble  and  insoluble  compounds.  Administration  has  encompassed  laying  in  abrasions,  in- 
jection in  and  to  various  body  locations,  intubation,  Implantation  and  inhalation.  An  important  question 
for  the  present  study  is,  "What  portion  of  the  literature  is  of  interest  in  the  weapons  accident  situa  - 
tlon?"  The  answer  is,  "All,  in  varying  degrees.  " V ~ . 


The  argument  has  been  repeated  many  times  in  the  literature  that  the  primary  hazard  to  a pop- 
ulation in  the  accident  situation  is  the  inhalation  of  the  radioactive  aerosol.  The  skin  is  a satisfactory 
barrier  to  external  alpha  radiations.  The  external  gamma  field  is  relatively  insignificant  following 
a nonnuclear  detonation.  Transport  of  insoluble  material  from  contaminated  abrasions  is  insignifi- 
cant, Uptake  through  food  chains  is  relatively  low  because  of  the  large  discrimination  ratios  involved, 
e.  g. , lO*4to  10“6  (Refs.  43,44,  45).  One  hazard  of  special  interest  in  the  accident  situation  - one 
of  interest  more  to  individuals  than  to  the  population  - is  that  resulting  from  puncture  wounds. 


Thus,  we  are  interested  in  the  inhalation  case.  The  fate  of  inhaled  plutonium,  however,  includes 
uptake  in  organa  other  than  the  lung.  The  process  Involved  in  this  uptake  and  in  transport  across  deep 
lung  barriers  suggests  that  some  solubilization  or  effectively  similar  process  does  occur.  Langham 
in  treating  this  situation  suggests  that  the  term  "solubility"  has  not  been  well  defined  and  "seems  to 
relate  more  to  the  metabolic  behavior  of  the  material  in  the  body  than  to  the  more  familiar  chemical 
concept  of  solubility"  (Ref.  2).  Additionally,  a large  portion  of  the  aerosol  that  enters  the  lung  is  soon 
removed  through  ciliary  action  and  ingested.  The  effect  of  these  processes  is  not  only  to  put  the  lung 
at  risk,  but  also  includes  placing  other  organs  at  risk,  some  resulting  from  uptake  from  the  blood  and 
others  resulting  from  direct  radiation,  e.  g. , the  G,  I.  tract. 

In  summary,  experiments  involving  Inhaled  Pup 9 aerosols  are  most  directly  applicable  to  our 
study.  Those  experiments  employing  injected  soluble  compounds  give  ys  information  concerning 
metabolism  of  plutonium  that  has  reached  the  blood.  Implantation  and  intubation  experiments  provide 
an  insight  into  biological  mechanisms  of  Insult  and  protection  in  cite  immediate  area  of  particulates 
of  high  specific  ionization  potential 
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One  other  eource  of  inform  stioc  is  of  special  interest.  Through  our  years  cf  experience  with 
plutonium,  accidents  have  occurred.  A significant  acemnnliffiSflB  ofdvta  iagvallable  from  this  source 
and  involves  human  subsets  rafter  fear  laboratory  animals. 

Ba«d  on  the  early  experimental  work  with  pluto&ium  there  seemed  little  doubt  that  bene  was  die 
critical  organ.  Later  work  baa  cm  some  doubt  on  that  finding,  at  least  In  some  special  cases. 
Experiments  *t  Hanford  on  miniature  swine  have  shown  that  after  2 years  larger  concentrations  exist 
In  die  liver  than  in  the  bcoe.  Earlier  work  was  generally  done  at  high  dose  levels.  There  is  same 
evidence  that  a shift  la  critical  organ  may  occur  *1  lower  dose  levels  (Ref.  46). 

We  should  point  out  that  the  incident  situation  is  concerned  more  with  evidence  gained  from  ex- 
periments resulting  in  low  body  accumulations  than  with  that  involved  wife  high  burdens.  We  are 
concerned  wife  reducing  fee  biological  hazard  to  a minimum.  The  hl$i  dose  set  the 

stages  iwt  fee  low  doge  experiments  set  fee  character  of  fee  play.  The  low  dose  experiment,  however, 
is  fee  mose  difficult  and  costly.  Good  statistics  require  large  cumbers  of  animals,  both  at  risk  and 
as  controls.  Lower  doses  are  expected  to  require  longer  periods  of  latency  before  fee  insult  is  rec- 
ognized. 

Injection  Studies 

Our  interest  in  plutonium  administered  by  injection  is  to  determine  fee  fate  of  the  radionuclide 
once  it  reaches  the  bloodstream.  Injection  was  a favorite  and  reasonable  delivery  mode  for  the 
earlier  studies  whose  emphasis  was  directed  toward  bone  and  other  blood-fed  organs,  e.  g. , liver, 
kidney,  spleen.  The  earlier  studies  were  performed  to  determine  gross  uptake  factors,  metabolic 
rates  and  organ  deposition  rates.  The  injection  experiments  have  continued  and  are  now  more  sophis- 
ticated and  are  looking  at  specific  biochemical  processes  and  the  differences  that  various  forms  of 
plutonium  exhibit.  Most  of  the  work  done  to  determine  courses  of  therapy  for  the  ptmnn  him  -fryrdpned 
patient  is  also  being  done  with  injected  solutions. 

Uptake  of  plutonium  from  the  Mood  to  various  organs  is  dependent  upon  it®  chemical  form,  aggre- 
gate size  and  Mood  chemistry  of  the  experimental  subject.  Significant  differences  are  seen  at  autopsy 
when  graded  solutions  are  administered.  Wife  decreasing  particle  size  less  plutonium  is  deposited 
in  liver,  spleen  and  bone  marrow,  while  more  is  deposited  In  bone.  With  mice  as  the  experimental 
animal,  there  Is  evidence  that  fee  pattern  of  deposition  depends  on  a critical  size  of  aggregated  plu- 
tonium -containing  particulates  (Ref.  47).  In  a gross  sense,  investigations  have  found  that  twice  as 
much  polymeric  as  monomeric  plutonium  deposited  in  bone  is  required  to  produce  equal  incidence  of 
bone  tumors.  The  polymeric  forme  tend  to  deposit  more  in  bone  marrow  than  on  surfaces  as  is  the 
tendency  for  monomeric  forms  (Refs.  48,  49). 

Plutonium  initially  deposited  from  Mood  on  bone  surfaces  can  also  reach  the  marrow.  The  pro- 
cess is  a function  of  subject  age  and  is  due  to  bone  remodeling-end  osteoclastic  resorption  from  sur- 
face to  marrow  (Refs.  50,  51). 

Because  of  fee  historic  link  between  plutonium  and  radium,  there  is  a tendency  to  forget  other 
organs  at  risk.  The  liver,  spleen  and  kidney  are  also  plutonium  collectors  and  have  also  been  studied 
with  respect  to  plutonium  uptake,  retention  and  metabolic  behavior.  Work  at  the  University  of  Utah 
has  been  underway  for  a considerable  period.  Some  results  of  relatively  low  dose  work  are  now  being 
reported.  Some  effect  of  dose  level  Is  indicated.  That  is,  splenic  and  renal  retentions  at  lower  doses 
are  higher  than  would  have  been  expected  by  extrapolating  from  higher  dose  studies.  Beagles  have  re- 
ceived injections  of  from  0. 016  to  2,  8 pCi/kg  of  animal  weight.  This  covers  levels  where  life-short- 
ening is  negligible,  threugh  levels  where  osteosarcoma  is  induced  to  levels  exhibiting  extensive 


skeletal  and  liver  damage.  Retest  ion  equations  of  decaying  exponential  form  have  been  developed. 
The  authors  suggest  that  at  lew  doses  mare  attention  should  be  placed  on  die  aging  mechanism  rather 
than  ou  sarcomas  (Ret  52). 


In  a "speculative"  paper,  investigators  at  the  University  of  Utah  have  estimated  probabilities 
of  radiation  induced  tumors  from  a permissible  body  burden  of  plutonium.  For  a body  burden  of 
0. 04  uCi  starting  in  the  circulatory  system  with  roughly  half  being  deposited  in  bcce  and  half  in  the 
liver,  the  authors  find  bone  cancer  probabilities  of  0-5  percent  ami  liver  tumor  probabilities  of  0 -10 
percent.  The  range  of  probabilities  is  a function  of  the  model  employed  in  die  calculation.  Thresh- 
old, dose-rate  and  lifespan  dose  models  were  used.  The  threshold  model  Is  based  on  human  experi- 
ence with  radium  where  no  bone  cancers  have  been  observed  below  1200  rads  average  bone  dose. 

With  conversion  of  0. 02  gCi  plutonium  organ  burden  to  a 14  rad  dose  to  bone  and  a 57  rad  dose  to  the 
liver,  this  model  suggests  a vanishingly  small  probability.  The  dose  rate  model  suggests  that  the 
risks  to  dog  and  man  are  linearly  proportional  to  their  dose  rates  averaged  over  long  exposure  times. 
At  burdens  of  0. 016  pCi/kg,  the  lowest  level  at  which  neoplasms  have  been  observed  at  Utah,  skeletal 
dose  rates  of  succumbing  subjects  averaged  8. 8 rads/year.  Probabilities  by  this  model  are  1 percent 
for  bone  and  2 percent  for  liver.  The  lifespan  dose  model  suggests  that  for  a fixed  incidence  of  can- 
cer among  mammalian  species,  the  required  cumulative  doses  are  rather  similar.  Probabilities  for 
this  model  predict  risks  to  the  bone  of  5 percent  and  10  percent  to  the  liver  (Ref.  S3).  Although  the 
authors  admit  that  the  risks  estimated  are  uncertain,  it  is  refreshing  to  see  the  estimates  made.  In 
many  cases  extrapolating  to  man  from  the  various  experimental  animals  is  considered  to  be  off-limits. 
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We  do  not  imply  that  (he  preceding  discussion  is  exhaustive  with  respect  to  injection  experiments  - 
tion.  A comprehensive  review  would  be  impossible  within  the  space  available  and  the  expertise  of  the 
authors.  We  do  want  to  point  out  that  much  very  fine  work  has  been  done  and  is  ongoing  at  several 
locations.  The  low  dose  work  that  is  underway  will  begin  to  provide  answers  in  a few  years  to  very 
nagging  questions.  Additionally,  there  has  been  a great  deal  of  injection  work  done  toward  finding 
answers  to  accident  conditions  and  therapy  which  we  will  discuss  later. 

Particulate  Implants,  Intubation  and 


There  is  considerable  interest  among  investigators  concerning  the  relative  risk  to  man  of  the 
homogeneous  versus  discrete  distributions  of  hazardous  material.  In  fixing  maximum  permissible 
organ  burdens,  the  organ  Isas  historically  been  treated  as  a whole  and  doses  have  been  averaged  over 
the  whole.  In  die  case  of  highly  radioactive  particulates,  a few  particles  can  constitute  a significant 
burden,  because  radiation  doses  in  the  immediate  vicinity  of  the  particles  are  high.  Where  most  of 
the  energy  of  decay  is  in  the  form  of  alpha  particles  (the  case  of  plutonium),  when  we  discuss  a per- 
missible burden  we  may  be  speaking  of  relatively  few  particles  with  limited  volumes  at  risk.  Investi- 
gators at  LASL  are  studying  the  effects  of  small  highly  radioactive  particles.  In  a theoretical  approach, 
tumorigenic  risk  to  skin  and  lung  has  been  described  (Ref.  54).  With  increasing  dose,  experimental 
evidence  indicates  that  tumor  incidence  increases,  finally  reaching  a maximum  after  which  the  cells 
at  rlBk  are  damaged  to  the  point  where  cell  division  can  no  longer  occur.  Thenceforth,  the  risk  of 
tumorlgenlcity  decreases  with  increasing  dose.  Currently  OL  016  ^Cl  of  Pu-239  constitutes  a lung  bur- 
den. 


Table  X illustrates  the  strong  dependence  of  lung  tumor  on  particle  size.  The  authors  point  out 
that  there  is  as  yet  no  experimental  evidence  for  these  probabilities  which  result  from  their  use  of  a 
model  of  the  alveolar  region  of  the  lung  which  maximizes  the  number  of  cells  at  risk. 
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TABLE  X 


TUMOR  PROBABILITY  FROM  LUNG  EXPOSURE  TO  16  cCi  OF239Pu  GgCRefi,  54) 


Particle  diameter 

Number  of  Particles  in  CL  016  nCi  Pu-239 

Tumor  Probability 

0.1 

5.61  x 107 

2.2.x  10*4 
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4.0 
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In  the  case  of  an  exposure  to  a burden  of  0, 016  pCl  Pu-289  for  a period  of  720  days,  3 x lO’cells  actu- 
ally absorb  over  95  percent  of  the  total  radiation  for  a dose  of  L6  x 18P  rad.  A corresponding  whole 
organ  dose  would  be  only  3. 24  rads. 

Experimental  work  at  LASL  employing  injected  PuOfc  ml  exospheres  is  a follow-on  to  the  theoret- 
ical study  just  discussed.  (Ref.  55)  A single  microsphere  was  injected  in  the  femoral  vein  of  a rat. 

It  was  subsequently  transported  by  Wood  until  it  lodged  in  the  lung  vasculature,  these  microspheres 
averaged  178  pm  in  diameter  and  were  81  percent  Pu-238,  15  percent  Pu-239.  This  mixture  exhibits 
a considerably  higher  photon  dose  rate  than  would  Pu-239  alone.  In  addition,  some  of  the  photons 
from  Pu-238  are  more  energetic  than  those  from  Pu-239.  The  Pu-238  alpha  energy  averages  about 
5. 5 MeV,  slightly  higher  than  Pu-239'a  5. 15  MeV.  Considering  only  the  alpha  insult  we  must  recog- 
nize that  its  energy  is  delivered  over  a limited  volume.  Its  range  is  about  40  pm,  but  the  dose  rate 
falls  rapidly  beyond  25  pm.  The  authors  estimate  a cell  population  at  risk  of  3 to  6 x 10®  cells  at  25 
pm.  This  number  seems  large  but  Is  aunost  insignificant  when  one  considers  the  organ  cell  popula- 
tion. The  dose  rate  to  die  40  pm  sphere  is  estimated  at  6 x 10®  rem/hr.  Consider  now  the  photon 
situation.  Photon  dose  rates  at  the  surface  of  the  sphere  run  about  620  rads/hr,  and  decrease  by 
factors  of  10  and  100  at  200  and  700  pm  respectively,  la  this  experiment  animals  were  sacrificed 
serially  at  from  1 to  600  days.  What  of  the  pathology?  The  authors  concluded  that  these  high  dose 
rates  and  total  doses  caused  surprisingly  little  change  in  the  lung  structure  except  in  the  immediate 
area  ol  the  particle.  In  addition,  "The  absence  of  severe  biological  response  appears  to  be  ralatod 
to  the  number  of  cells  at  risk  which,  in  turn,  is  a function  of  the  number  and  size  of  paiftfolep  making 
up  the  activity  rather  than  to  total  activity. " 

An  experiment  was  conducted  at  Colorado  State  University  to  determine  die  dynamics  of  lymph 
node  accumulation  from  PuO  j contaminated  wound  sites  (Ref.  56).  Results  Indicated  that  as  much  as 
17  percent  of  the  Implanted  activity  was  collected  by  the  surrounding  lymph  node  system  at  one  year, 
with  the  majority  of  the  material  remaining  at  the  Implant  site.  The  specific  risk  of  lymph  node 
irradiation  is  uncertain  at  this  time.  The  situation  is  discussed  In  Section  V of  this  study.  These 
data  do  indicate,  however,  that  a considerable  burden  of  long-lived  plutonium  can  reach  the  lymphatic 
system.  Consideration  should  be  given  to  these  findings  when  considering  wound  site  decontamination 
to  include  possible  surgical  removal. 
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We  arrive  to  war  discussion  at  tbs  Insult  mode  02  tb®  vreapoos  and  power  source  accident  situation. 
Investigators  are  universal  in  their  agreement  that  as  long  as  the  sleeping  dog  of  plutonium  contaml- 
netioai  lies,  it  presents  no  baaaasS.  But  sleeping  dogs  awake,  arise  and  travel  the  neighborhood. 
Therein  lies  the  besard -resuspended  plutonium  entering  the  breathing  roue  of  the  population. 

Investigators  using  inhalation  as  the  delivery  mode  have  long  recognised  the  Importance  of  part- 
icle sine  In  the  response  to  lung  deposition.  Accurate  determination  of  die  particle  slse  has  been  a 
continuing  psefctem  with  these  experiments.  Work  at  Lovelace  Foundation  in  the  Fission  Product 
Inhalation  Program  has  attacked  this  problem  and  has  resulted  in  excellent  control  of  particle  sine 
samples.  The  latest  publication  of  the  ICRP  Task  Group  on  Lung  Dynamics  has  recognized  particle 
wine  dependence  for  lung  deposition.  Figure  2 present*  their  findings  for  man  (Ref.  57,  58).  The 
shaded  area  regmeents  spread  due  to  differences  in  lung  tidal  volume  with  the  upper  boundary  at 
2150  cm^  wd  the  lower  at  750  cnA 
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Figure  2.  Total  Deposition  of  Inhaled  Particles  (Ref.  57) 

Small  animals  used  in  inhalation  experiments  do  not  exhibit  the  same  deposition  pattern  as  does 
man.  Experiments  have  been  done  which  point  out  the  difference  and  we  should  consider  that  our 
knowledge  of  deposition  is  fairly  good  and  will  get  better.  Lovelace  has  developed  a process  for  pro- 
duction of  aerosols  within  tight  bands  of  particle  size.  Their  Inhalation  program  using  these  aerosols 
is  currently  la  progress,  (Ret  59). 

.* 

The  term,  "Activity TfeiOjttcdynamlc  Diameter"  (AMAD)  may  require  explanation.  We  can  treat  It 
by  parts.  "Aerodynamic  diameter"  is  a term  involved  In  a process  which  treats  the  physical  proper- 
ties (density,  dimensions,  etc. ) of  a particle  and  normalises  them  to  the  aerodynamic  properties  of 
a particle  of  unit  density.  This  norm/  'button  permits  application  of  lung  deposition  models  to  particle 
populations  ofvarylngphyatcal  and  aerodynamic  properties.  "Mean"  applies  to  the  arithmetic  mean  of  the 
particle  population.  ,’Activlty’,denotcs  that  tlm  original  measurements  were  made  based  on  sample  radio- 
activity levels. 


Section  V « i Ale  study  treats  tbs  current  ICRP  lung  model  which  includes  date  covering  die  May 
times  of  plutonium  particulates  in  the  lung.  (Appendix  A does  likewise  far  the  proposed  1973  model). 
Work  is  underway  at  Batselie  Northwest  te  determine  the  modes  of  hag  storage  sad  transport.  We  do 
know  that  the  majority  of  particulates  in  dm  deep  lung  are  very  rapidly  poagocytiaad  (Ref  60).  Similar 
phagocytic  action  has  been  reported  after  injection  into  the  peritoneal  cavity  with  over  half  being  en- 
gulfed after  4 hours  with  subsequent  translocation  to  visceral-abdominal  tissues  and  out  of  the  perito- 
neal cavity  (Ref,  61).  The  Battkle  Northwest  work  has  found  translocation  to  the  alveolar  epithelium 
(Ret  60).  Bsttelle  work  studying  macrophagic  action  has  led  to  several  conclusions  of  toterest(Reft62): 

L Plutonium  particles  are  phagocytixed  rapidly  reaching  nearly  90  percent  in  dm  lung. 

2.  Particles  are  concentrated  in  macrophages  creating  hot  spots  of  intense  alpha  activity. 

3,  The  behavior  of  plutonium  particles  in  dm  body  seems  to  be  largely  determined  In  the  early 
phases  by  the  kinetic  behavior  of  macrophages. 

At  this  point  we  should  treat  an  unknown.  The  ICRP  lung  model  discussed  la  Section  V and  Appen- 
dix A of  this  study  accounts  far  translocation  of  the  contaminant  from  the  pulmonary  compartment  of 
the  lung  to  dm  blood  and  lymph.  The  process  of  tibia  translocation  la  not  well  understood.  At  least 
two  processes  should  be  considered.  The  first  involves  transport  of  particulates  into  the  alveolar 
wall  structure  as  mentioned  above  and  subsequent  transfer  to  the  bloodstream  or  lymphatic  system. 

The  second  process  involves  solubilization  of  the  "insoluble"  particulate  material  followed  by  normal 
lung  fluid  transport  processes.  Both  processes  are  being  considered.  There  is  some  evidence  to 
support  both.  The  first  has  already  been  discussed.  The  second  is  baaed  on  relatively  increased 
solubility  of  particulates  as  their  surface  to  volume  ratios  Increase.  What  part  radioactivity  of  the 
material  plays  in  supporting  or  hindering  this  transport  is  another  unknown.  Work  with  radionuclides 
ocher  than  plutonium  also  supports  our  investigation.  Experiments  carried  out  at  the  University  of 
Rochester  with  chronic  inhalation  of  UOj  aerosols  in  the  monkey,  dog  and  rat  are  of  Interest  (Reft  63). 
Uranium  is  much  less  active  than  plutonium.  However,  the  data  are  presented  as  a function  of  dose 
delivered  (alpha  energy  of  4. 5 MeV).  Over  periods  of  5 years,  toe  animals  were  subjected  to  concen- 
trations of  5 mg  U/m®,  6 hours  per  day,  S days  per  week.  The  lung  and  tracheobronchial  lymph  node 
burden  accounted  for  over  90  percent  of  toe  U found  in  the  body.  After  5 years  the  integrated  alpha 
dose  to  the  lung  of  monkey  and  dog  were  500  and  900  reds,  respectively.  The  corresponding  lymph 
doses  are  of  the  order  of  10, 000  rads.  At  S years,  one  dog  in  six  exhibited  necrosis  and  fibrosis  of 
toe  lymph  nodes.  No  other  pathology  was  evident.  In  the  monkey,  lung  and  lymph  node  fibrosis  appear- 
ed at  3. 6 years  at  doses  of  500  and  7000  rads  respectively  with  similar  findings  at  later  times  and 
larger  doses.  These  histologic  changes  were  described  by  the  authors  as  being  "minimal  and  present 
only  in  toe  tissues  of  a few  animals.  **  The  trend  was  there,  however,  and  histology  of  "similarly 
treated"  animals  clearly  demonstrated  radiation  injury,  at  least  sufficient  for  a recommendation  for 
possible  lowering  of  concentration  limits  in  the  uranium  industry. 

The  inhalation  work  done  at  Battelle  Northwest  covers  broad  areas  of  interest  and  is  perhaps  the 
most  comprehensive.  This  work  can  be  covered  here  only  in  strict  summary.  We  suggest  Reference 
62  for  an  eigptnded  discussion  of  the  effort 

First,  we  shall  discuss  mortality  findings.  Dogs  have  inhaled  enough  plutonium  to  cause  death 
within  a week  at  high  doses,  to  tola  case  the  lung  suffers  total  respiratory  failure.  At  lower  doses 
death  at  several  months  occurs  from  extensive  and  rapidly  developing  fibrosis.  At  still  lower  doses 
death  occurs  at  from  1 to  5 years  from  progressively  infiltrating  fibrosis.  At  3 to  6 years  carcino- 
genic death  occurs  accompanied  by  some  fibrosis.  Death  at  lower  doses  and  longer  terms  is  still  under 
study.  Figure  3 is  a summary  of  mortality  experience.  One  plot  represents  inital  lung  deposition,  the 
second  is  lung  burden  at  death  exhibiting  two  modes  of  death,  pulmonary  failure  and  tumor.  Note  that 
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estrspolatiQB  ot  lung  bunSan  at  death  based  on  pulmonary  failure  tv  a acrmal  lifespan  of  the  deg  would 
fadlcmc  « "ao  life  abact*ning"  tarda  at  abaft  2s£i/&  Extrapolating  the  cthsr  (turner)  component 
yields  a hur&e  of  about  (X 1 oCl/g> 


Figure  3.  Initial  plutonium  deposit  ami  burden  at  death  for  dogs  (Ret  62) 

How  does  erne  extrapolate  these  data  to  man?  Does  one  suggest  that  a similar  concentration  in 
man  would  have  no  life  shortening  effect?  But  man's  lifetime  is  oo  the  order  of  5 times  that  of  the 
dog.  Should  we  decrease  man's  permissible  burden  by  a factor  of  5 to  account  far  this  difference 
In  life  expectancy?  Is  there  perhaps  a third  component  to  this  mortality  burden  curve  that  will  not 
come  to  light  until  we  ace  results  of  low  dose  experiments? 

The  burden  based  on  tumor  production  (0. 1 nCi/g)  when  extrapolated  directly  to  man  based  on 
lung  mass  yields TOO  nCL  The  present  permissible  burden  recommended  or  inferred  by  die  ICRPand 
10  CFR20is  16nCi.  We  suppose  the  answer  to  all  of  these  questions  is,  "We  don't  know  yet  *'  And, 
in  truth*  we  have  been  unable  to  uncover  striking  evidence  that  present  permissible  lung  burdens  do 
not  represent  safe  levels  for  man. 

What  differences  does  one  see  with  the  higher  specific  activity  Pu-238  with  respect  to  Pu-239? 
For  the  some  activity  deposits,  Pu-238  particle  concentrations  are  much  lower  than  those  of  hi -239. 
One  would  expect  to  see  differences  if  only  because  a larger  volume  of  the  lung,  i.  e. , mare  cells  are 
at  risk,  in  the  case  of  Pu-239.  Of  course*  this  effect  may  be  balanced  to  some  unknown  cadent  due  to 


die  higsfcr  energy,  longer  range  and  higher  specific  activity  photons  emitted  from  Pu-238.  Research 
at  Battclle  has  found  m significant  difference  in  mortality  of  rats  and  dogs  at  early  times  between 
Pu-238  and  Pu-239.  Longer  time  experiments  are  not  complete. 

Dr.  Bair's  conclusions  in  his  series  of  lectures  in  japan  (Ret  62)  can  be  our  summation  of  the 
Battelle  mortality  studies.  He  stated,  'In  our  studied,  death  caused  by  inhaled  plutonium. ....  has 
always  bass  due  to  irradiation  of  the  pulmonary  tissue  and  die  resulting  cardiopulmonary  insufficiency 
and/or  bronchiole  -alveolar  carcinoma. " Dr.  Bair  has  lately  found  tumors  in  the  lymphatic  system 
draining  die  lungs.  A few  of  Dr.  Bair's  dogs  contracted  cancer  of  the  lymph  nodes  but  ail  of  these 
dogs  died  of  respiratory  failure.  The  only  conclusions  he  would  draw  were  expressed  during  con- 
versation as  we  discussed  contamination  limits.  When  cur  calculations  based  on  the  pul- 

monary lymphatic  system,  he  suggested  that  it  might  be  well  to  use  the  lymphatic  system  as  die  crit- 
ical organ,  if  only  because  of  the  uncertainties  involved  in  the  whole  field  of  man's  response  to  pluto- 
nium inhalation. 

Diagnosis  and  Treatment 

We  now  turn  to  research  which  is  aimed  at  diagnosis  and  treatment  of  plutonium  incident  victims. 
The  questions  are: 

L How  do  we  determine  if  a subject  has  a plutonium  burden?  and 
2.  What  can  we  do  about  it? 

We  point  our  discussion  toward  the  weapons  accident  case  although  much  of  die  data  results  from 
experience  with  manufacturing  and  processing  plutonium  in  various  forms. 

Exposure  can  result  from  an  accident  situation  or  can  be  chronic.  The  accident  situation  alerts 
personnel  to  the  probability  of  a hazardous  deposition.  Only  good  surveillance  techniques  guard 
against  die  chronic  depositions.  Basic  research  in  this  area  goes  back  to  early  work  at  LASL  done  to 
establish  health  physics  monitoring  techniques  for  their  workers  In  the  Manhattan  Project  Bio-assay 
in  the  form  of  urine  and  feces  sampling  was  determined  to  be  a reasonable  surveillance  technique. 
Data  from  animal  experimentation  yielded  the  equation  (Ret  64): 

Yu  « a 23  X"0- ^(standard  error  329S)  (3) 

where  Yu  is  the  dally  urine  assay  expressed  as  a percent  of  initial  deposition  and  X is  the  time  of 
sampling  in  days  past  injection.  These  data  are  based  on  injected  plutonium. 

Adjustment  based  on  urine  sampling  of  laboratory  personnel  led  to  the  expression: 

^ -0.20  X*°* 74  (standard  error  42S&)  (4) 

where  Yw  is  the  adjusted  urine  yield,  Equation  <4)  represents  data  through  1750  days  past  deposition. 
Fecal  data  yielded: 

Y « 0.  63  XU  ^(standard  error  28$£)  (5) 

where  Y is  fecal  yield. 
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An&lytls  of  cocttnulng  LASL  data  Indicates  high  variance  in  estimated  body  burdens  based  on  urine 
sarsplfag  and  recommends  true  24  hour  samples,  or  series  of  such  samples  separated  by  several 
weeks  be  taken  when  important  decisions  must  be  reached  concerning  body  burdens.  (Ref.  65). 

There  is  a considerable  volume  of  excretion  data  based  on  injected  radionuclides.  For  the  inhal  - 
at  ion  case,  however,  we  must  look  to  other  data,  especially  where  the  radionuclide  inhaled  is  con- 
sidered as  "insoluble".  In  the  inhalation  case  dog  fecal  sampling  yields  higher  levels  of  plutonium 
excretion,  generally  by  factors  of  over  100.  We  find  that  estimates  of  lung  burden  based  on  fecal 
sampling  in  the  first  few  days  is  rather  difficult.  Most  of  die  uncertainty  is  due  to  early  clearance 
from  the  lung  to  the  G.  I.  tract  by  ciliary  action. 

After  7-14  days  fecal  data  show  less  variation  sample  to  sample  than  does  urinary  data  (Ref.  66*. 
However,  there  are  several  reasons  why  fecal  sampling  Is  not  considered  to  be  a preferred  method 
of  assay.  Generally,  these  reasons  are  related  to  difficulties  In  obtaining  the  sample  and  in  its 
handling.  There  is  considerable  evidence  that  it  should  be  employed  where  Important  decisions  might 
be  made  as  a result  of  more  exact  determination  of  lung  burden.  When  estimates  must  be  made  in  die 
first  few  days  urine  sampling  is  probably  preferred  if  the  sample  is  active  enough  to  suggest  good 
counting  statistics. 

The  1965  lung  model  of  the  ICRP  (Ref.  58)  and  Langham's  data  covering  human  excretion  experi- 
mentation (Ret  64)  are  the  basis  for  a theoretical  approach  to  estimating  initial  lung  burdens  fear 
inhalation  cases.  Figure  4 represents  the  findings  of  this  approach  in  terms  of  urinary  excretion  of 
plutonium  for  an  initial  lung  burden  of  1. 0 nCi  as  a function  of  time  and  particle  size  of  the  inhaled 
aerosol  (Ret  67).  The  authors  suggest  that  urine  sampling  may  be  of  inadequate  sensitivity  for 
smaller  particle  sizes  but  that  fecal  sampling  may  lead  to  an  Improvement  in  sensitivity  in  lung  bur- 
den estimates.  . 


Figure  4.  Theoretical  Plutonium  Urinary  Excretion  Curves.  (Ret  67) 
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Ope  last  method  of  lung  burden  estimation  is  ta  vivo  counting;  Due  to  the  short  range  of  alpha 
p«rtfcl<«  Sa  tissue,  the  method  depend*  oo  detection  of  the  low  energy  photons  from  pimnafy™  and 
americium -241,  » decay  product  of  Pu-24L  Hie  specific  activity  cf  americium  is  aftmction  of  die 
age  of  die  hatch  of  plutonium  involved  in  die  sample.  Knowledge  of  die  isotopic  composition  of  the 
original  ptaonium  batch  la  sleo  required  (Ret  62).  Counting  for  hag  burden  is  made  more  ditti- 
es as  die  contaminant  la  biologically  translocated  to  the  lymphatic  system.  These  counting  system* 
are  usually  associated  with  fixed  faculties  and  aMelded  rooms.  Of  Inters  tc  the  accident  situation 
is  a portable  (about  200  lbs)  and -coincidence  system  claiming  capabilities  in  unshielded  facllhlss 
for  reasonable  confidence  at  lung  burdena  of  5. 3 nCi,  about  or  a -third  of  a permissible  Sung  burden 
(Ret  68).  This  level  compares  well  with  mpahitfrtfti  at  Installation  In  three  couatsles  (Eel*. 
69,  70,  71). 

Before  proceeding  to  the  subject  of  treatment  of  plutonium  deposition  we  should  discuss  the  case 
of  contamination  of  wounds,  hi  the  accident  situation,  particularly  during  search  and  (feccsitaminartco 
periods,  there  is  a fair  probability  that  some  personnel  will  receive  wound  injury,  lithe  area  is 
contaminated,  the  wound  will  probably  be  contaminated  also.  Experience  with  wound  cases  has  gen- 
erally been  from  processing  facilities  and  Involve  both  soluble  and  insoluble  compounds.  Insoluble 
compound#  exhibit  little  uptake  in  the  systemic  blood  system.  Soluble  compounds  react  in  the  oppo- 
site direction.  Early  wine  sampling,  or  fecal  where  possible,  has  been  used  to  estimate  die  deposi- 
tion (Ref.  72).  A solid  state  device  far  wound  assay  has-been  developed  (Ref.  73),  The  system 
offers  such  excellent  resolution  of  the  soft  photon#  involved  that  ratios  of  photon  peaks  can  he  em- 
ployed to  estimate  depth  of  deposition. 


Once  tm  estimate  of  body  deposition  ha#  been  made,  what  can  we  do  to  reduce  that  burden?  Treat  - 
ment, of  course,  depends  on  the  estimate  made  of  the  total  deposition.  Treaijucm  may  be  generally 
cetegorlxed  into  three  different  methods: 

L nhifmnlhiyijiiy 

. % Lavage 
' 3.  Kxclatoa  ■ 


. Chemotherapy  la  represented  by  treatment  with  chelating  agents,  compound*  which  bond  with 
metal  Ions,  Chelating  sgea la  such  sa  BDTA*  sod  DTPA**  have  been  employed  with  »TTA  being  the 
preferred  agent  (Ref,  74).  DTPA  cany  stiB  be  restricted  to  the  experimental  drug -Use.  We  under- 
stand that  action  is  underway  to  relieve  thin  restriction,.  The  chelate  i*  effective  to  hfadfag  with 
any  free  plutoolma  ion#.  The  primary  actiou,  however,  depends  m the  fate  of  plutonium  m the  sys- 
temic blood  system.  Iron  in  she  blood  is  completed  with  transferrin,  a transport  protein.  The 
tranaferrfa  then  dlstr  ibtles  the  iron  to  hemoglobin  synthesis  locations  a*  needed.  Excess  iron  is 
, stored  fa  the  liver  and  spleen.  Storage  involves  transfer  from  transferrin  to  ferritin  and  hemosid- 
erin, two  iron  storage  cocnpounda.  Trsnaferrfa  also  picks  up  plutonium  that  may  have  reached  the 
oyatamk  system.  The  plutooium  is  transported  in  the  same  manner  as  iron.  If  the  plutonium 
reaches  the  h as*  it  tends  to:  transfer  to  the  bone  where  it  erdoys  * long  biological  lifetime.  mVA 

ixfc.  .i.  _ St. .......  . ..  ..«!*•  - 4 -i-ii. 


Tf*  cbtiited  ptec^ositett  tiMMu  «scr«it«dt  ia  tiMi  ur Bsrfiiagt  of  pt^ofliwm  frota  tr&tt*torfo  to 

DTPA  also  ha*  tadicafd  *om*  *«*ciiv*U4M«  ic  radruein* 
lteer  hordse.  Un  of  * rsttade  ■**dr*tHltal  eyasm  ittoulaot,  e*ttcaa%  tss  beat  *ucc«**M  fa  r«- 
huufaf  piuwnlam  teem  tfceUvar.  <yHUfa  te»iy  tt  smxmtwm «««*»*-  TVaat- 

mat*  trtfa  ^ucac  and  DTPA  fa  *ttces**fttl  fereducfaf  both liw  baas burdsso* (R*£  76).  Ffotosinm 
cac*  bound  to  boa*  cannot  be  chelated  except  daring  fcooe  remodel  tog  vtom  ottmochuts  act  oa  teawcb- 
tof  ierfec**.  la  general,  DTPA  traetaiaat  should  be  initialed  a*  early  is  powlbie  (witHa  mfautee 
to  hoars)  after  tftsaaton  riip^^  tag  yoeteot  ottaafreiiese  to 

We  should  mention  that  Acre  mi*  contradictory  via**  ia  the  lR*r*iur*  concerning  DTPA.  It  In 
said  to  b*  nephrotoxic  tod  a dcpleter  of  trace  metal*,  moat  notably  sdnc.  Additionally,  aum*  con- 
sider that  DTPA  treatmeut  liberate*  piutooiojtQ  to  the  systemic  system  with  subsequent  uptake  la 
varicua  organs.  These  views  are  * truly  minority  apfcakxi  (Ret  78).  A*  to  eaphrotuxklty,  die  agent 
probably  should  not  be  admMaterad  to  aubjeet*  wUb  axfadng  renal  compllcatkauu  Cornpllcartoaa 
that  occur  during  DTPA  therapy  are  reatralble  when  treatment  fastopped.  Normal  dietary  coatroi 
is  sufficient  to  replace  trace  metals.  The  last  fear  amma  to  be  overcame  because  plutonium  la 
tightly  bound  to  DTPA  la  the  systemic  blood  until  excreted.  In  summary,  chalet*  treatment  should 
Mtotr  evshmioa  by  competent  medical  authority  (Rtf.  ?$.  TbetJ,  S.  Navy,  alone  of  the  three  a*r- 
vicea,  im  a stated  policy  concerning  the  me  of  DTPA,  That  policy  require*  that  the  bureau  o i Mod- 
etoeitaS  Surety  he  co»auli*dptlor  toua*  **f  the  chelate  {Ret.  79). 

We  repeat  here  that  DTPA  laj«ctU»a  e£tect  systemic  plutonium, ' The  chelate  Ha*  also  been  used 
In  aerosol  form  «e  m inhala&t  ta  an  attempt  to  treat  long  burdeo  directly.  The  treatment  we*  fa  cm- 
junction  wkhluag  lavage.  Total  effect  »etu«d  to  be  the  same  aa  favaga  aad  DTPA  injection  treatsoetU 
•eperetcly.  - The.  chelate  la  absorbed  fieow  the  luag  rather  rapidly  aad  cater*  the  systemic  blood 
(Ect 


We  very  muatraiiy  cater  discussion  of  teg  lavage  ®*  a treatawnt  for  plutonium  lung  hoedao,  We 
■ fcao*-  <i  only  oee  caws;  it  «n  performed  at  Usvefate  Clime  id  1971  oc  a plutonium  toMsite  case. 

The  reeults  are  presently  privileged  nedics!  fafarnutfoo.  The  procedure  was  considered  to  be  ■ 
successful  la  km&ia^  the  teg  turdco  (KcL  SQ|. 

if  lavage  la  to  'be  moat  effective  It  should  be  acecwipUf  hod  as  early  .a*  p6**lb)&  a&fcr  the  deposition, 
but  aot  before  Initial  eUfary  removal  of  upper  lung  deposit*  has  bt*e.  e«BpJi»cd.  Lavage  might  tat«r- 
fereadth  ciliary  action  red  cvec  fesece  the  depoalta  to  the  pultnooary  iu%.regi<Hu  Thus,  no  to  three ' 
daye  ahor  exposure  wculd  be  a goal  time  to  perform  the  luog  lavage. 

One  auggeatiooi  ol  a poesU&e  chemical  proplsviaxic  igato*  bone  uptake  Of  eystemlc  piutmdw^  wax 
fouiod  J»  Dterctme  (Pet  SiL  The  aatuiottc,  t^racyetlee,  depoeili  oe  the  bo«e.  paxticylarfy  lo  . 
region*  oC  active  calcifJcatlttt.  its  efiea  fa  reduclag  piufaciem  deposit*  '*£  the  iaatc-  tocatiOcts  is 
svkleoily  * btcr-Jdng  aettooer  focsmUjOB  <u  a plutomum  » tetracyclfae  toad  suiXicteatly  stable  to  per- 


Excision 


Statical  rf  asovtl  of  cottfarnlnafad  fiaauee  and  particulate  has  baas  the  prim*  ttwttraeat  ia  aauaj 
caasa.  dOa  tre^miBe  nMaelsacooaltead  tebalia^ifah|tt>*aadeefflactanf  d» 

gaary  wvofrad  t^ad  the  projected  inatdt  of  the  piutoaium  <kt*xtifi<v.  Wtmsm  uaed,  excision  ha*  gao- 
aaraaiy  beau  mcceeaftiL  Thare  la  aomaaafeknc*  flat  earl?  eacli&j,  particularly  of  cata- 

potmaMt  may  mi  be  preferred.  If  eae  waite,  the  action  of  localised  particulates  m imaadiattfw1 
waggadiag  tissue  reads  to  raeuit  ia  hyapeulftriaa  of  the  particulate.  Tbta  volume  can  uautliy  be 
removed  wkh-leee  total  insult  to  eumiMdisf  tissue,  Of  course,  mccttaclag  of  systemic  burdao 
afaould  eoatteae  la  the  meantime  fa  ease  aeriaua  uptafa* 

The  treatawnta  diseased  ail  axhlhit  some  negative  asp set*.  These  moat  be  eattsidfered  wbeu 
coatemplatiaf  actioa,  la  casae  where  die  threat  from  the  plwonium  l*  aufitciaotly  ia  term* 

<»  presses  ia»o*di«lfe,t!*sprefc«wi  treats^  la  some  form 

os -continued  aaottociag  ia  indicated.  perhaps  la  tire  form  cfparladlcurtae  assay. 

SUMMARY 

Other  tiuia  the  iaip«irtuaat  that  may  reeuit  from  eureka!  excision,  there  l»  no  report*}  case  of 

death  treidjptmeamdsfe^  1W#  mrit  ^ 

ei$dgi^  We  axe  sat  sHa  to  de«*  regarding  permiaaiN* 

ixmdansfcomtiiadiS*  ia  these  case*  bacamw  the  subjects  do  net,  a»  yet,  show  M&dScta?  biological 
chiagw*  The  doaagae  which  coastim?*  their  ixades*  Ntve  ehfaer  beet  too  email  to  cam* 

**  ***  A0**  *”»*  ehldtawtmtafdaee  aaxarlal  baa  too&  actl^  tateGot  ' 


- ■*  . ..  *■ -•  • — «» animal  exjrexkaeoiaUotu  We  feel 

teat  we  tune  Sphered  «me  iaitteetias  WfcrssMiim  from  mar  mtiyui  the  «oiog&*l  . 

^i^baac  or  iabafagdote.  it  Is  of ffe*s*l-  inter** to tfeia *S&*x.  Wecsaaoc 

coocl^  how«v  that  the  research  we  have  he«t  able  to  rwi*w  support*  wkpthre  of  maximum 
perffifoeihte  body  eg -organ  'btttdeae  diftoiagfrsm  thaea  ta^eewslY  ia  uae  la  tfri*  $<£«**  we 

able  to  suss**  that  the  fciag  ia  not  the  aitica*  organ  is  iaAakOoc  laflAwta.  To  he  sore,  theory, 


W SeOioo  V of  tM»  etuejy  tadicsae  that  t!«  jpyj  * 
mt  u <K^«ct«i  to  m&inemty  u&»*  uhoxa*  cmmti#iow  ma  i®  the 


Ti««e  Si  ioaoiSckiM  'm&m»  preaeoUy  evalMiie,  iwwevar,  to  ccmclude  thaf  the  biological 
— ^eareaultinf  .from  theee  hl^ser  ocsioe^taeaa  has  pees:esr  sipiiRcaat  feioiygical  effect  (im ' 
-ff*— i-Tri  <wato  c^^irailoei®  la  the  luag.  Oppanh  ^wever,  $»  beie£  voiced. io  the  odoitsuttity  ‘ 

caccejilcatiooa  ia  ihe  lyu^haiic  aysseia.  We  will 

►* — > ■ , **v»  ^ 

I V, 
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SECTION  V 

THE  DEPOSITION  AND  RETENTION  OF  INHALED  I 

PLUTONIUM  IN  THE  HUMAN  BODV 


LUNG  I 

T fee  dapoeittoc  aad  wtiattae  model  for  fetoaisttois  of  a pfotosiSaia  tuesoeal  or  piuioaluxn  -bearing  ; 

reauepaoded  du*6  la  bued  tot  the  pnyaiotogicn}  lung  mode*  p?apo*ts&  by  toe  Task  Group  ca  Lung  | 

Dynamic*  for  Committee  U of  the  Itomruadcaai  Commission  m RadMogJc*!  Protection  (Set  $2).  f 

A schematic  of  thla  hmg  model  is  abeam  la  Figure  d 1st  tMs  model,  Dj  through  0$  are  the  percent  | 

deptoatoamof  tmesmountecf  dma  toviafiou»re*tomsi?y*'*^^  1 

through  Ojbtstog  ocju&l  to  D$*  as  • 

Dj-LOa-Dj  + Da  + D^+Dg  (« 

Dg  is  the  dust;  la  the  mealed  air,  to  the  dues  deposited  to  the  nasu^toyiyc  region,  is  the  dust  > . ' 

deported  to  die  trtefteohroechiii  regfcs*,  &sd  % to  toe  petesaary  dust  depoe^iom  Threa  other 
closely  *UM  coe^amstto  sate  abcwa,  itoigaacrtostosatotol  tract*  systemic  sad  puiaiosary  . ’ 

SjW&h i 

The  Setter*  (a)  through  {fe>  i&iicste  the  4U*e£«ai'- al&sggggg  aal  ««awocation  procease*  «ht<to  are 
&MOciated  with  Of  & *mmcz  of  various  eomipattosagts*  The  valuer  of.  the  constants  aseociatad  with  . 

these  different  *j«tow*y*  for  the  !<?6S  model.  «re  gNagt  to  Tabic  tir  wteie  the  values  tor  tite  proposed  .'  J 
t$$$  model  as*  0m.  la  Tafei*  XXL  A The  camaiMto  to  **«#  X!  Unite**  that  the  ptoto»* 

tom  dust  deposited  ha  the  tusopharya*  «*S  tf  achaolto^aal  ainipesctmeata  to  cleared  rapidly,  where- 
•ii  that  ttopoaUed  to  the  pajpeaeiir  rqglafr  to  cleared  ' Begtmae  ol  tola  sfapid  daagaace,  to*  . >. 

pathway*  la>  through  td>  ia  ‘he  nJuwptotryu*  and  «r*5ts«}isro&<:hiaJ  comixatmeuta  will  oot  he  conatoei-ed.  . “••; 
The  tttfteceat  ahsorptlaa  a^-triuutiocaUcKi  pocasa^. iejO^ed-.^Ufe  toe  puimoturv  campertma si  are  - | 

dKnttitort  ..  | 

fcd  swrretwitt*  the  direct  tr«mdocai.too  of  due*  &o«b  the  .sts&iOa  to  the  fctood;  :.  f. 

<0  rofrcaeiaie  toe  relatively  tspid  cifcarsi^.fsius#  Scorn  toe  |^«dw»ry  r^Elxi.  ftSmitaalay*  ihte  • f 
• root*  opsn  recxtoiehlt  mamropha^ee,  vhich  to  t«ro  to  coossEed  to  the  ciliary -nasstt*  tr^afipOKt  | 

procea*.  aaa  i»c  Uuat  cleared  goe*  to  <he  G.  L tract  vto  xi&  usd:eoto^ud;iai  tree;  |v 

''■{&.  wpwesftto'-e.  *^aood- ptftomstf  etoaraace  jA-oceae  mtseh  #to»er  iki#,  but  it  Mil  ■ ,;.|- 

dei^aoda  upon  e&doc^to«ia  aaid  clUai'y-mussus  trsitsport.  with  jtHi  cleared  doat  &$&■  gotog  via  the 
'tfedfieota^^it «n» *$&&.-■. -^fOm  Import**!: betoasett i$  to sia* clear*- .'. .'  | 

4» «£$ ll^.^c^irnotsaKKy apie^oe  ■ '•’  .•  | 

■ 0 rc$££««ats  toil  alow  tmanl  of  &un&am  the  puhsomtoy  &o«spaxtmavt  to  tit*  ptiimonary  , ■ ‘.;- 

av»*{etVi.  Quail vitivaly.  this  prtK&ss  to  aitnUar  to  i0>  «ito  toe  lymph  tra&afXKt  to  (to  per-'  'l.- 

iesmtog  the  ek'iiar  fuactloa  a*  lite  c&ipf-mxAts  tt'taaport  ia  (^;  . ' | ;. 

(« • si$a*»eto«'to6  dtodto^  jsetjoftto  to#  toe  Uooto  Oheiouely,  this 

gwtototy  toi^sal*  opoci  toe  ability  ol  toe  &sk  ta  patsetrafe  toe  .lytnpit  tiaaue,  cspeolaily  the  lyitvph  ttodesh' ' ;. 
('soebrattag  the  lymph  tissue  touxtoa  « parthd  or  a'cvpisTss  dtoeolutioo  of  toe  dual  parUctcs.  U&  die  •.' 
tutaaver  of  the  lymphocytes  may  caetxibtoe  (riti.  «2>*  " ■■  ' y ;.  ' )'  ■ 

Q)  tvpitam*  the  coitoctive  atoaEfttoa  of  cieaxod  totot  from  the  gaattototeatloal  tract  i*  dirta 
4ito  iathreat  patowaya.  QuaotiUtiveiy  a&d  temporally*  Qi  to  coupled  to  procca«es(h,  (o),  i$.  stodlgl,  ^ ■ 
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TABLE  XI 


CONSTANTS  FOR  USE  WITH  THE  £965  LUNG  CLEARANCE  MODEL  FOR  239Pu02. 


Region 

Process 

Biological  Half-Time 

Regional 

N-P 

a 

4 minutes 

a oi 

b 

4 minutes 

0.99 

T-P 

c 

10  minutes 

a oi 

d 

10  minutes 

a 99 

P 

e 

5GQ  days 

d.05 

f 

24  hours 

a 40 

g 

500  days 

0.40 

h 

500  days 

a is 

Lymph 

i 

500  days 

a 10 

k 

“ (infinity) 

0.90 

(Subject  only  to 
radioactive  decay) 

No  further  attempt  will  be  made  to  consider  (j);  however,  a physiological  model  for  gastrointestinal 
absorption  has  been  made  by  Eve  ^Ref.  83): 

(k)  represents  the  portion  of  the  dust  that  is  never  cleared  from  the  lymphatic  system.  The 
biological  half-time  for  this  routine  is  infinity,  so  this  process  is  not  a clearance  way;  it  is  included 
for  the  sake  of  clarity. 

The  rate  of  change  of  the  pulmonary  lung  burden  for  each  of  the  four  clearance  processes  can  be 
expressed  in  terms  of  differential  equations  as  follows: 


Burden  rate  of  change  (inpCi/  ;)  = input  - output 
dq 

/=RCD5fe-Xeqe 

dqf 

ur  sRCVf  ‘Mf 


RCD5  fg  - xgqg 


dq 

_J 

dt 

-dT  - rcd5  <h  ■ 


(7) 

(8) 

(9) 

(10) 
(11) 
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r^iliW'lVil'-l  l~ ~ »W«  SCWK V-*.' 4 rtfr-APMCW,« fcM.Wv'Jl « .4 S.v:  \J «VI 


S « respiration  rate,  in  m“/day 

A 

C = air  concentration  at  any  time,  in  $Ci/ma 

Q§i>  Q.p  % " tikg  lung  burdens  associated  with  the  reapsctive  clearance  pathways,  in  pCi 

^ss^£’^K'%8  = elimiaation  rates,  ia  days”1,  for  the  data  in  Table  XI,  and  are  (In  2)/(blolog- 
leal  half-dme) 

= the  regional  deposition  fractions  for  the  respective  pathways  and  are  given  in 

TaMeXL 

The  respiratory  input  is  RC,  where  the  air  eoneentratiQB,  C,  is  a decaying  exponential  that  is 
given  by 


-<xA+yt 


c = c0. 


ichore 


(12) 


Hrjird"  1 


X.  «=  the  air  clearance  rate  constant  = (In  2)/(35  days)  * 1. 98xl(T*  days 


Xj  - the  disintegration  constant  of  the  isotope  being  studied 

239  ^ ~ concentration  at  t=0,  i,  e. , the  start  of  the  inhalation  closure. 

The  half  “Me  of  Pu  is  24, 360  years,  so  X ls  - 7. 90  x icr8days-1 . For239Pu,  \>>  \ so  Eq.  (12) 

reduces  to  C = CL  e 'V.  A is, 

O 

Eq.  (11)  will  be  integrated  as  a sample  and  the  initial  condition  will  be  applied.  The  other  equations 
can  be  solved  in  an  analogous  method.  Eq.  (11)  can  be  rewritten,  using  Eq.  (12)  above,  as 


<lq. 


-XAt 


HT  + Mh=RCo%fhe 


V 


Eq.  (13)  can  be  multiplied  throughout  by  the  integrating  factor  of  e to  give 


L t / do,. 


- xA)t 


The  left  hand  side  of  Eq.  ( 14)  is  a perfect  differential,  as 


j / y\  y / dq.  \ 

d q,.  e = e h \ q 

dt  \ / \ dt  Ah/ 


Eq  (15)  can  be  readily  used  to  intonate  Eq,  (14)  with  the  result  of 


fd/qeVU  fnrnt  V XA* 
| ar  \V  /*  -I  RCo  d5  fh 3 


dt 


(13) 


(14) 


(15) 


(16) 
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(17) 


% 


V . RCo°5^  SK'*£+ 


where  a is  the  conetmt  of  integration  that  will  be  determined  from  the  initial  condition  of  q^  = 0 when 
t = 0f  giving 


RC 


a = _ 


(18) 


-Xht  ¥ "XA 

Eq.  (17)  can  then  be  multiplied  bye  to  get  qh  as  a function  of  time  as 


RC. 


s*-^  - V| 


(19) 


In  a similar  fashion,  the  other  burdens  can  be  obtained  and  are: 


RC  Def  / 

r -v  ■ 

V) 

(20) 

qe  (t) 

o 5 e 1 
’ 

e -e 

t 

qf  (t> 

_RcoV(  | 

h “aa 

( “Xa* 

e -e 

l 

-¥) 

(21) 

q (t) 

rc  af 
- ®5g 

f -x.t 
e A -e 

-¥) 

(22% 

V 

Xg  "XA 

/ 

The  pulmonary  lung  burden,  q^.(t),  is  the  sum  of  Eqs.  (19),  (20),  (21)  and  (22)  as 

<JpW  . qe  (t)  -l  qf  (t)  + qg  (t)  + % (0  (23) 

‘f  ( '’‘At  -V)  £,(  '’A*  'V\  , ( 

e \e  -e  / + f \e  -e  / + S x 


yt)  = rc0d5 


-M  -x  t 


^ A"  V) 
e -e  6 / 


Y"*A 


*h  (®’'At  -°'V) 


V*A 


(24) 


Eq.  (24)  can  be  simplified  by  noting  that  the  clearance  rate  constants  for  pathways  (e),  (g),  and 
(h)  are  the  same.  Thus, 


Xe=  Xg=^S  Xi  - On  2)  /(SOOdays) 


(25) 


ho 


••  - *•&  .'-wk& 


With  the  ase  of  Eg.  (2$),  the  lung  tm$m  equation becomes 


^D5 


h "xa 


The  initial  sir  eencsatrstiba,  G , is  related  to  the  init&l  surface  concantratlont  S , through  the 
' t,  X 63  ° ' ° 


c0  **  Sq 
2 -1 

where  S0  is  In  (iCl/m  and  k Is  la  m . The  combination  of  Bqs.  (26)  aed  (27)  yields 


(27) 


-JikS 


(e  + f«+  h)L  ^ 

'v) 

£ f “V  “X 

f(e  -e 

$ 

- \ "XA 

" ”XA 

<28) 


A graphical  representation  of  Eg.  (28)  is  shown  in  Figure  6,  where  on  the  left  <&,  (t)/R  k S Dg  in 
days*  and  on  the  right  n (t),  inpCi(SQ  = 50  p g/m*) , is  plotted  against  the  time,  t,  m days.  * ($ote 
that  the  time-varying  pm,  L e. , the  portion  within  the  brackets,  is  plotted  on  the  left  versus  the 
time  so  that  the  pulmonary  burden  tjp  can  be  obtained  readily  by  multiplying  the  curve  value  by  the 
constants  R k Sq  . ) An  important  feature  of  this  curve  is  she  relatively  long  time  scale.  One-half 
of  the  maximum  lung  burden  is  attained  in  26  days,  the  maximum  lung  burden  is  reached  in  143  days, 
and  the  maximum  burden  has  decayed  to  one-half  its  value  in  700  days.  The  exponential  tail  follows 
closely  a curve  with  a 500-day  half-time.  It  ie  vary  important  to  note  that  the  time  available  for 
clean-up  operations  is  determined  by  the  air  clearance  time  (a  value  of  35  days  was  used  in  Fig.  6) 
and  in  order  to  significantly  reduce  the  total  lung  burden,  the  clean  -up  must  be  dene  in  the  first  few 
weeks  or  the  higher  concentrated  area  must  be  evacuated  for  a few  months. 

Evacuation  of  the  contaminated  area  can  greatly  reduce  the  burden  and  dose  to  the  body.  For  ex- 
ample, with  the  air  clearance  rate  constant  of  = ln2/35  days,  if  the  contaminated  area  is  evacuated 
for  the  first  35  days  from  the  time  t = 0,  then  the  burden  and  dose  will  be  1/2  of  the  amount  graphi- 
cally portrayed  In  this  study.  If  the  evacuation  is  for  70  days,  the  burden  and  dose  will  be  i/4  of  the 
amount  in  this  study.  This  halving  of  the  burden  and  dose  will  continue  for  each  additional  half-time 
of  35  days  that  the  individual  is  removed  from  the  contaminated  area.  This  burden  and  dose  decrease 
is  shown  in  Figure  7 where  the  relative  burden  and  dose  (as  a fraction  of  the  amount  when  there  is  no 
evacuation)  is  plotted  versus  the  elapsed  time  in  units  of  one  half-time,  T. 


2 

*The  arbitary  value  of  SQ  * 50  pg/m  has  been  used  in  all  graphical  and  tabular  presentations. 


Ui 


m 


A lifetime  Id  a contaminated  area  will  be  between  SO  and  70  years.  No  significant  error  (less  than 
a fraction  of  1%)  is  introduced  If  this  time  is  extended  to  infinity,  i.  e. , let  t — «.  If  this  time 
condition  is  imposed  on  Eq.  (29),  the  infinite  lifetime  dose,  D , is  found  to  be 

CtP® 


o°5_  [(Wi)A‘ 
A L X1  .. 


(30) 


RkS 

D = 

c,P«  X 

i 

A {jCi-day  of  exposure  can  be  converted  readily  into  an  exposure  dose  in  rads,  0^,  by  using 


C.CCE 
D -1  2 3 


T^nT 


SL1 


D E 
c 

m 


where  C,  » constant  -17x10*  disintegratlone/sec/pCi 
C = cciistant  = 8. 64  x 10*  sec/day 
C3  = constant  = 1. 6 x 10  ® erg/MeV 
C4  » constant  = 100  erg/g/rad 
E = energy  of  particles,  in  MeV  per  disintegration 
m = weight  of  organ,  in  g 


239, 


For  Pu,  the  average  alpha  particle  energy  is  5. 15  MeV,  so  Rq.  (31)  becomes 


D =2.63x10 
r 


,2Dc 


m 


(31) 


(32) 


For  the  lung  with  a mass  of  1000  g(this  is  the  value  of  Standard  Man  from  Ref.  2)  the  relation  between 
rads  andpCi  - days  is 


D ■ a 263  D 
r,p  c,p 

Eq.  (30)  expressed  as  a dose  in  rads  for  a 1, 000  g lung  Is 

r 


(33) 


D 

r,p«- 


Q,  263  RkS  1^ 


(fe  + fSn)  A 


Xf  J 


(34) 


The  respiration  rate,  R,  and  the  pulmonary  fraction,  D»,  op  directly  related  parameters)  hi  this 
study  these  values  are  taken  from  Ref.  2 and  are  R = 2&  ni /day  ami  IX  = 0. 25.  I),  is  dependent  u|wn 
the  particle  sire  of  the  aerosol  dust;  the  AMAD  value  used  in  tills  study  is  2 urn, based  on  the  experi- 
mental data  of  OPERATION  PLUMBOOU  (Ref.  30), 

The  reauspension  factor,  k,  varies  more  tlipn  any  other  parameter.  As  stated  earlier,  the  most 
widely  quoted  values  for  k are  10  to  10  B m \ A very  good  discussion  of  this  factor  and  a number 
of  values  for  it  are  given  in  Ref.  39.  Such  a wide  variance  in  values  for  the  resuspcnsioti  factor 
tuts  made  the  necessity  of  choosing  a number  proposed  by  die  world's  experts  in  this  field,  the  late 


kh 


Dr.  Wright  H.  Langfram  from  tits  Los  Alamos  Scientific  Laboratory,  Los  Alamos,  New  Mexico,  and 
Dr.  Ken  Stewart  from  die  Atomic  Weapons  Research  Establishment,  Aldermastoo,  Berkshire, 
England.  Both  experts  state  that  the  value  of  m in  is  appropriate  for  accident  situations,  Lang- 
ham  in  Ref.  35  and  personal  communications,  and  Stewart  in  Ref,  39  and  a personal  communication. 
Thus,  we  will  use  k = 10"^  m , aa  in  Eq.  (2). 


With  these  constants  used  In  Eq.  (34),  the  result  is 


D = a 0288  S 
r,p»  o 


(sQin  nCi/m2) 


(35) 


D =0.00176  (s.inpg/m2)  (36) 

r.p®  o ' u • 

Eq.  (36)  can  be  used  to  calculate  the  infinite  lifetime  dose  to  the  lung  when  the  surface  contamination 
is  known*  values  for  these  calculations  are  given  in  Table  XU. 

Eq.  (33)  can  be  used  in  Eq.  (29)  to  obtain  die  time-varying  dose  to  the  lung.  A plot  of  D , in 
rads  o*t  the  left  side  and  In  rem  on  the  right  side,  versus  die  time,  t,  indays  is  shown  inFigurea, 
where  the  value  of  SQ  » 50  pg/mZ  was  used.  This  graph  shows  that  the  lung  dose  increases  rapidly, 
reaching  one-half  the  maximum  value  in  551  days.  The  maximum  dose  of  0. 039  rads  is  obtained  in 
about  6, 300  days  and  remains  constant  thereafter  for  the  life  of  the  Individual. 


LYMPHATIC  SYSTEM 


Another  possibly  critical  organ  is  the  pulmonary  lymphatic  system,  for  which  the  differential 
equations  are,  based  on  Figure  5: 


% 

dt 


dt  ““k  “Vfk 


(37) 

(38) 


where  l = input  from  luag  * X^  q^,  with  qJ)  from  Eq.  (19)  and  ^ * Aj  frt>»‘  Eq,  (25) 

a»  elimination  rate  for  route  (i)  and  is  a (ln2)/(500daya),  so  Xj » A j from  Eq,  (25) 

^ = regional  fraction  for  route  (1) « 0. 10 

Xj.a  elimination  rate  for  route  (k)  and  since  the  biological  half-time  is  infinity,  Xj,  ° 0 
regional  fraction  for  route  (k)  «=  0. 90 


U5 


mm 


E*  (37)  can  be  readily  Integrated  like  Eqs.  (8)  through  (U),  and  with  the  Game  initial  condition  of 
* O wben  t = 0,  the  result  is 
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Eq.  (38)  reduces  to 


dt 


since  X = OL  The  Integrated  form  of  Eq.  (40)  is.  with  the  same  initial  condition. 
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The  total  dose  ta  toeee  lymph  codes  is  tf^,  which  to  the  aim  at  Eqa.  <39)  and  (41), 

i^(t)*q1j:t)+  c^.(t) 


(42) 


Mi 

.V\ 


“XAi  »X.t 
ft---*-.:-1  ^ "1 

\ .4  ^ 

*1  aA 


I*  *1,1  *x.t  •, 

, Uv  v J 

»*  l *»•*; ’J 


(43) 


MM  of  (43)  is  shows  In  tee  9.  where  oc  tii*  left  q (t)/  R b $ f>_  i , in  days,  sad  on  the 
ri^tt  a (t).  to  ud  (So  * 50  vg/n\%  to  plotted  against  the  time,  t.  In  da^5  Thin  f«ve  ha®  an  even 
longer  Time  scale  than  tne  Snug  burden  curve.  One -half  et  the  maximum  value  in  readied  in  500  days, 
and  the  maximum  burden  is  attained  to  about  4, 100  days.  Note  that  the  burden  to  the  pulmonary 
lymphatic  system  Increases  with  time  to  a maximum  value  where  it  remains  tor  the  lifetime  of  the 
Individual. 


As  time  gotss  to  infinity  (about  4»  100  days  in  i'ij  9),  the  lymphatic  burden  approaches  the  asymp- 
totic value  of 
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E*«.  (44)  gives  the  dose  to  toe  organ,  bet  this  dose  must  not  exceed  the  value  set  forth  by  NCPR  39 
Pet  85)  sad  Ref.  12,  which  state  that  the  exposure  ram  tor  the  general  population  should  xm  escewi 
(i  5 rear  per  year.  This  dose  rate  can  be  related  to  the  energy  absorbed  by  the  organ  by 
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SC3q  fe  BF(RBB)  n] 


(45) 


C^m 


where  Q * allowable  organ  dose  rate  la  rem/hr.  This  number  la  baaed  oo  Q.  5 rem/yr  converted  to 
rao/far  using  SO  weeks  per  year  and  168  hours  per  week. 

Cs  » capstans » L 33  x IQ8  dlatotegratlotu>/br/HCl 

Cj  and  are  ooaatms  defined  by  Eq,  (31) 

q « allowable  doee  to  organ#  la,  PCI 

JSeF(RQE)  n]  **  effective  absorbed  energy  pee  dlalntegration  of  239Pu  * S3  MeV  * RBE/dla 
organa  escape  the  bone*  and  «*  265  MeV  * RBE/dls  for  the  bone  (Red.  86), 

m « mass  of  organ,  la  g 

Eq.  (45)  solved  for  q,  with  a limit  of  0.5  sem/yr,  la 

q«S,2?r  I0"7w  PCllo^  «M  orgia»e5BC^ 

'q  **  1*  OS  x 10  7 b p€i  fi*e  bona 


(46) 


Ihe  tmm  of  the  pulmonary  lymph  system  la  20  g(Rdts.  8?  and  88),  #o  the  amount  of  plutonium 
io  tae  pnlmocary  lymph  nodes  that  adli  Irradiate  them  with  the  maxisuuai  aUowable  x-diadaa  daae 

is 


q«#E0SslO  nci  '• 

E%  (47)  can  he  equated  to  Eq*  <44»,  «ad  with  the  use  of  Eq.  (27),  the  «c 


(47) 
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(4». 


a. 


. .•  S^»  (iSi  PCi/ta* 

3 

.la .term#  of  Pg/m  , Eq  (48),  with  the  use  of  Eq  (1)  bccotocs 

So«S.0Pg/m2 


(48) 


(50) 


The  vtioe«  of  5 -&*m:  ia  S«p.  (4%  sod  (50  are  uitsa-coftservailve  numbers  because  the  mass  of 
the  ps&moasry  luatjjahttlc  system  has  bean  used.  Snyder’  pc&M*  out  that  (a  consider  tug  dose  to  (he 
lymphatic  system, . the  &se  should  be  averaged  on**  (he  larger  .mass  of  the  circulating  lymphocytes 
of  5500(0  2000  g,  since  these  cells  will  be  irradiated  a*  they  pass  through  the  hilar  (pulmonary* 
lymph  nodes  aad^hus  tfec  essergy  Us  absorbed  is.  * larger  mas#  than  that  of  the  lymph  nodes  themselves 
(Ret  RSI*  Wuh  the  lytsphauc  mass  iaare&aed  by  * testae  of  100,  the  value  of  q computed  to  Eq.  (47) 


m 


is  increased  to  L 05  x 10  PCI,  with  the  result  that  the  computed  value  of  SQ  ia  now 

S « 31  PO/m2  or  S ®SQ0Pgfra2  (51) 

o o 

The  time -varying  doec  to  the  lymphatic  system,  D . can  be  obtained  by  Integrating  Eq.  (43)  as 
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Eq,  (32}  far  the  ipapituiic  »y stem*  wiih  a mass  of  2,000  g,  la 


D * a 13$  D • 
t,  n 


A plot  of  tlii  rads  on  the  left  and  ia  snpt  w the  right,  versus  the  time,  t,  to  days,  is  shows 
ia  figure  f Qt  M&re  the  value  of  S *>  was  used.  This  graph  shows  that  Urn  lymphatic 

system  d*K«  rises  very  slowly  tdrtoa*ttMHB»  itnwufiy  wfab  time  beyond  4, 100  days.  One -half  of 
the  ?0«year  dose  ia  haloed  ai  i& 120  days  (35,  9 years).  the  to-vesr  dose  is  & 3-‘  rad. 


E%  (46)  i*«  be  used  to  calculate  she  maximum  dose  that  may  be  cceUauously  d*nv«at>d  to  say 
ergim.  If  this  la  dose  pet  the  jutgridi  jm*a*  of  1, 009  g*.  the.  t**uk  is  q.  <*  S.  ^ x 10  * pCh  l-soot 
trie  graph  It)  Figure  $ the  maximum  (#  mm  to  be.  a.*  12*  x 10  ° S WiL  These 

utter  mqpwwMsioae  for  q sod  <t  can  ha  equated  to  sal**  for  S » the  TcauU  being  ■ - 


' ' -,g ,.  ..JfcJtlJSL.*#  vc&t?  •&&&*?' ..  <54> 

° 1, 2*  x uf* 

Note  thelahEdea  la.  the  tmig  is  axossjd  this  maximum  boxdeft  for-ouly  «■  few  days,  arsd  since  each 
qrgsacaabe  Irradiated  above  the  maximum  for  a short  period  of  lima,  the  number  computed  la.  fq. 

■ (54)  is  (kSsibdy  cooeexvaUve. 

the  ctfculatioa  to  $q»  (941  cm*  be  fitrther  substantiated  by  computing  the  "average"  lung  burden. 
Figure  6 shows  that  list  lung  reaches  if*  maximum  Uirdea  In  143  days  and  then  txpceer.tlally  tails 
ofiHo  xttvx  The  total  infinite  lifetime  dose  calculated  with  Eq.  (30)  Is  Os.  US  8-  PCI  -days.  The 
graph  la  Figure  8 s?<e»s  that  coe-half  the  infinite  lifetime  do**,  or  & OSS  S~  PC*  days,  is  reached 
at  t * 531  days.  The  ’’average''  dose  sbeaisLOx  IQ“*  S0  W5h  so  the  vtiu€of  is 


at  of 


s0  * --27  x 10  = 5. 27  MCi/m2  = 85. 9 Hg/m2  ' ' (55) 

1. 0 x 10  4 

These  calculations  show  that  the  lymph  system  Is  net  as  radiation  critical  as  is  the  lung.  This 
conclusion  is  supported  by  Morgan  who  states  that  the  new  Task  Group  on  -Lung  Dynamics  (this 
group  will  present  the  new  physiological  lung  model  in  1973  - see  the  Appendix  for  details  of  this 
model  - which  is  similar  to  the  one  used  in  Fig.  5)  has  decided  not  to  use  the  pulmonary  lymph 
nodes  as  the  critical  body  organ  because  animal  studies  and  limited  human  experience  do  not  suggest 
this  is  the  more  critical  tissue  in  terms  of  carcinogenesis  (Ref.  90).  In  the  very  extensive  plutonium 
inhalation  studies  of  Bair  with  Beagle  dogs,  no  dog  has  ever  died  because  of  cancerous  lymph  nodes. 

A few  dogs  did  develop  cancer  in  the  lymphatic  system  but  all  of  these  dogs  died  of  respiratory  fail- 
ure, indicating  that  the  lung  is  the  most  critical  organ  and  not  the  lymph  nodes  (Ref.  63)*  : 

BLOOD  {LIVER  AhIP  BONE)  . 

Other  critical  organs  such  as  the  liver  and  bone  will  now  be  considered.  The  amount  reaching 
these  organs  is  dependent  upon  the  total  amount  inhaled,  q^,  which  over  as  infinite  lifetime  is 


q = RC  = RC 
V c 


•»  -X.t 
o dt 


1010  pCi 


Of  this  total  amount,  the  fraction  goes  into  the  nasopharynx  region,  D into  the  tracheobropchial 
region,  and  D_  into  the  pulmonary  region.  For  the  2 Pm  particle  under  consider ation,  the  graph 
in  Figure  13  of  Ref.  58  gives  a value  of  D = 0. 50,  the  words  in  Ref.  58  state  that  D = 0. 08,  'and 
Figure  14  therein  gives  D - (X  25.  The  clearance  pathways  (a)  and  (c)  from  the  nasopharynx  and 
tracheobronchial  regions,  ^respectively,  transport  0. 01  of  the  amounts  deposited  in  these  regions 
directly  to  the  blood.  However,  these  amounts  transported  to  the  blood  by  this  means  are  not  well 
known  as  there  is  doubt  about  the  validity  cf  the  G,  01  numbers,  as  well  as  about  D , which  Snyder 
states  is  0. 25  (Ref.  89).  Thus,  these  two  routes  into  the  blood  will  be  neglected,  since  the  maximum 
error  introduced  is  less  than  60  percent  of  the  amount  entering  the  blood  from  the  pulmonary  region 
(using  the  constants  in  Table  XI,  the  amount  that  enters  the  blood  from  these  two  routes  is  5.  86  CQ 
MCi  while  that  which  enters  from  the  pulmonary  region,  shown  in  subsequent  calculations,  is  9, 84 CQ 
MCi).  The  amount  that  reaches  the  pulmonary  compartment  is  252  C0  MCI,  of  which  0. 40,  or  101Co 
MCi,  is  transported  immediately  via  (f)  to  the  gastrointestinal  tract.  The  remaining  amount  of 
151C0  MCi  stays  in  the  pulmonary  region  for  a long  period  of  time,  as  the  biological  half  -110168  for 
the  remaining  three  expulsion  routes  are  all  500  days. 

The  differential  equations  that  explain  the  blood  input  can  readily  be  set  up  and  are 


h%  F 


" . (58) 

* There  remains  the  possibility  that  due  to  the  longer  lifetime  of  man  in  relation  to  the  dog  that  the 
lymphatic  system  Involvement  might  become  a concern  after  long  periods  of  relatively  small  initial 
lung  burdens. 
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wirefe  * ixjrdea  ecteriag  the  blood  viaroute(e) 
y - tonricnenterJag  the  blood  via  so ute  <|) 

time;  F ~ f F+ f 3remaia»  to  the  pulmonary  compartment  for  a 500-day  biological  baif- 

ts  g u 

Note  tha*  there  are  no  excretion  routes  for  Eqs.  (57)  and  (58),  as  the  Mood  (in  the  liver  and  the 

iwl  pil^liUm  fede?Ritely‘  Aiso»  xe  ~ Xi B \ as  ^®se  routes  all  have  biological  half, 

times  of  5Q0  days.  The  expressions  tor  a and  qf  are  obtained  &om  Eqs.  (20)  and  (39).  reanectivelv 
Eqs,  (57)  and  (53)  can  be  integrated  iifce  % (4«r  with  fee  results  of:  eapectiv  y. 
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The  blood  burden,  q^t',  is  the  sum  of  Eqs.  (59)  and  (60)  -and  Is 
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-to  Eq.  (61)  q^  = 0 at  t = 0,  and  as  t — ®° 
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(62) 


A plot  of  Eq.  (61)  is  given  to  Figure  11,  where  on  toe  left,  q^t)  X^RlSDgF,  a dimensionless 

quantity,  and  on  the  right  qgit),  to^Ci  (SQ  =50y  g/m2)  is  plotted  against  the°  time,  t,  todays.  This 

curve  has  a very  long  time  scale  similar  to  that  H toe  pulmonary  lymphatic  system.  One-half  of  the 
maximum  value  to  reached  to  683  days,  and  the  maidmum  burden  is  reached  hi  about  5, 000  days 
The  blood  burden,  like  the s lymphatic  burden,  increases  with  time  to  a maximum  value  where  it 
remains  for  itoe  lifetime  of  d»  individual.  wnereit 


Figure  11.  Blood  burden  following  inhalation  of  PaO^Suat  versus  time  ef 

area  of  SQ  * 5Q'Hg/m^  (1(£65  Lung  Msdd.) 
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A commas!'/  used  assumption la  that  cee-hslf  of  the  amount  of  the  moos  burden  goes  to  the  liver 
I tie  afips half  goes  to  the  boast,  soeach  tffigto  receives  & m&dmiim  burden  of  4 92  Cc  fCL 
h organ* hsve negligee eaecKssaeo  of g» plutselusi (be,,  the biological half-time  is  Infinity) 
sad  thus  tbp  plutonium  will  stay  in  these  oggsus  to s & lifetime,  which  we  will  asfssme  to  be  70  years 
i2?  56  x 10*  days, >.  The  esposure  to  each  of  these  organa  Is -thee  about  1,26  2 -Mr  Cq  MCi-days.  For 
Z3S Pu  sad  wits  messes  af  the  liver  andhoaef  kg  and  10  kg  (Ref.  3S),  respective- 


Dr.l'aiSSDcl 


0,0263  O 


(liver) 


(bone) 


Thus,  the  lifetime  does  to  these  organa  is  L 95  x 10^  c0rads  to  die  liver  and  3. 31  x 103  C0rads  to 
the  bone.  With  a resuepenslon  factor  of  10*$  " , these  exposures  in  terms  of  the  initial  surface 

coneeiyxatton,  are  i.  95  x 10  “2  S©  tttjls  for  ifee  liver  and  3.  31  x HTS  S0  rads  for  the  btme,  as 
compared  with  the  exposure  to  die  lung  of  2, 88  x 10  "2  So  r#ds*  *****  §o  is  in  MCi/rn2.  Eq.  (1)  can 
be  us^d  t»  express  So  in  Mg/m2  and  then  the  organ  exposures  are  1. 20  x lCf3  So  rads  to  the  liver, 
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The  time-varying  doses  to  the  liver  and  bone  can  be  obtained  by  integrating  Eq.  (61),  and  the 
results  arc,  using  Eqs.  (63)  and  (64): 
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The  graphs  id  D , and  D , Sn  rada  on  she  left  sod  in  rem  on  the  right,  versus  tte  time,  t,  in 
days,  are  plotted  if 'Figures^  sad.  13,  respectively,  where  the  value  of  50  Mg/m2  was  used. 

The  livsr  and  bone  doses  rise  very  slowly  and  increase  linearly  with  time  beyond  about  5, 000  days. 
One -half  of  the  70-year  dose  is  reached  at  13, 244  days  (36. 3 years).  The  70-year  dose  for  the  liver 
is  0,058  rads  while  that  for  the  bone  is  0, 0098  rads. 

in  comparing  the  organ  does  curves,  one  should  note  diet  the  dose  to  the  liver,  bone,  and  lymphatic 
system  is  delivered  in  70  years,  while  the  majority  of  the  dose  to  the  lung  is  delivered  in  less  than 
10  years. 


The  maximum  allowable  continuous  dose  to  the  liver  and  bone  is,  using  Eqs.  (45)  and  (46),  8. 96 
x 10*4  HCi  for  the  liver  and  1. 05  x JOT^  MCI  for  the  bone.  The  maximum  burden  in  each  of  these 
organs  Is  4. 92  x 10'6So  MCL  so  computed  values  for  the  allowable  So  are  182  FCi/m2  (2970  Mg/m2) 
for  the  liver  and  214  HCi/m 2 (3, 490  Mg/m2)  for  the  bone.  Obviously,  these  values  for  So  are  so  high 
that  the  plutonium  burden  received  by  these  organs  is  very  low  in  comparison  to  what  doses  these 
organs  may  safely  receive. 

In  Table  XII  are  tabulated  the  doses  given  to  the  lung,  lymphatic  system,  liver,  and  bone  for 
initial  surface  concentrations  of  5,  10,  50,  100,  500,  1, 000,  5, 000  and  10, 000  Mg/m  . Also  given  are 
the  judgment  values  which  are  empirical  numbers  for  which  there  is  no  expectation  of  biological  con- 
sequences based  on  animal  d*at  and  & small  amount  of  human  data.  The  NCRP  reduced  these  judgment 
values  by  a factor  of  10  to  take  care  of  uncertainties;  judgment  and  NCRP  values  are  not  given  for  the 
iumphatic  system.  Even  with  a 60  percent  increase  in  the  liver  and  bane  burdens,  die  liver  becomes 
as  critical  as  the  lung  but  the  bone  is  still  the  least  critical  of  these  three  organs. 


TABLE  XII 


LIFETIME  ORGAN  DOSES  FOR  AN  AREA  CONTAMINATED  WITH 
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PuO  » PLUS  JUDGMENT  AND  NCRP  VALUES  (1965  Lung  Model) 


Initial  Surface 
Contamination,  S0 
Mg/ni 
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Lifetime  accumulated  organ  dose,  rads 
Lymphatic 

System  Liver 
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a 001 

10 

a 018 

a 17 

a 012 

a 002 

50 

0.09 

a. vi 

ao6 

a oi 

100 

a 18 

1.7 

a 12 

a 02 

500 

G.9 

3.4 

0.6 

ai 

1,000 

1.8 

17 

1.2 

0.2 

5,000 

9 

34 

6 

i 

10,000 

18 

170 

12 

2 

56 


• - *0 


. v? , 


A Vv 


TABLE  XU  (Coot) 

Initial  Surface 
Contamination,  Sr, 
Hg/W*  0 


Ligadme  accumulated  organ  dose,  rads 
Lymphatic 

System  Liver 
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* judgment  values  for  exposure  to  three  of  the  critical  organs  for  which  there  is  no  expectation  of 
biological  consequences  based  on  animal  and  human  Hats  (Ref.  35) 

**  NCR?  values  are  & i those  otthc  judgment  values  (Ret  35). 

Another  important  quantity  that  must  be  considered  is  die  dose  rate,  in  rem/yr,  for  each  of  the 
four  organs.  In  Table  XIII  are  listed  the  organ  dose  rates,  for  an  initial  surface  contamination  of 
3o  ® SO  Pg/mz,  based  on  the  1965  physiological  lung  model  Both  NCRP  and  ICRP  reference  values 
are  given.  Note  that  the  initial  dose  rate  to  the  lung  is  the  largest  dose  rate  received  by  any  organ 
at  any  time.  When  an  "average"  value  of  background  radiation  is  added  to  die  lung  dose  rate  for 
S0  « 50  Mg/m2,  the  total  exposure  rate  approaches  the  amount  suggested  by  NCRP  as  the  limit. 

A parameter  of  great  importance  is  the  air  clearance  rate  constant,  X . ; The  only 
data  for  a value  of  XA  were  obtained  on  OPERATION  PLUMB80B  and  OPERATION  ROLLER  COASTER, 
which  value  is  applicable  to  the  windy  and  arid  terrain  of  the  Nevada  desert.  No  recent  experimental 
data  is  available,  but  there  may  be  different  values  for  different  climatic  and  soil  conditions.  To 
this  end*  a computer  study  was  made  to  determine  the  effect  on  the  body  organs  of  different  values 
°f  X . • In  Table  XIV  are  summarized  the  effects  on  the  body  organs  for  various  values  of  X . The 
results  are  self-explanatory.  A 


239 

Figure  12.  Liver  dose  following  Inhalation  of  FuO^  dust  versus  time  of  exposure  in  a 

areaofS  =50»*g/m^.  (1965  Lung  Model). 


TABLE  XBH 

ORGAN  DOSE  RATES  OBTAINED  FROM  AN  AREA  CONTAMINATED  WITH 

239Pu02ofSo-50Fg/m2. 

PLUS  N Cm  AND  ICRP  V ALUES  (1965  Ltmg  Mcdcl) 

Qrgaa  Dom  JUtSo  Rem/Yr 


0-1 

Lyiacfce&c  Syctem 

Liver 

Roue 

a 31 

a 0032 

a ooii 

a 0097 

1-2 

a 23 

a 027 

a 0035 

a 0030 
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9-10 
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a 0071 

10-11 
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a 0064 

a 0071 
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a oso 
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a 0072 
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a 0072 
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a 0065 

a 0072 

14-15 

40085 

aoso 

C,  0085 

a 0072 

15-20 
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0,25 

a043 

4036 

20-25 

a oooi 

ass 

4043 

a 036 

25-30 

-o 

ass 

a 643 

aos6 

30-40 

-o 

a so 

a 086 

a 072 

40-50 

“0 

a so 

0.086 

a 072 

50-60 

"0 

a so 

a 086 

4072 

60-70 

-0 

aso 

4 086 

a 072 

NORP  39  (Ref  85) 

as 

as 

as 

as 
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L& 

L5 

LS 

10 

Good  value  tm  "average"  worldwide  bu^gsound  « a 1 - (X 12  texu/yesix,  (Ref,  f>9> 
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TABLE  XIV 


effect  on  the  body  organs  for  different  air  clearance  rates 

{1965  Ism  Model) 


Air  Clearance  Rare,, 


3.31xl£f 


Item 


Max  burden  - PCI 
Time  to  max.  buxdan- 
daye 

Time  to  1/2  of  quo. 
burden -day « 

70-yr  burden  - FCl 

Max.  doee  rate-rem/yr 

Yr  of  max.  doee  rare 

70-yr  doae-retn 

Time  to  1/2  of  70-yr  do*e- 

dayfi 


Max.  burden  '(Cl 
Time  to  max.  burden* 
day* 

Tima  of  1/2  of  max.  burden- 
days 

70-yr  tardea  - MCI 
Max.  doee  rate-rem/yr 
Yr  of  max  dote  rate 
70-yx.doee-tem 


L14xicrs 


26 
*0 
a 312 
0-1 
0.88$ 


L 05x10 

aa$os 


U thru  70  lS&ru70 
3.43  484 


Time  to  1/2  cf  70-yr  doeedaytj  18,120  113,146 


555 

2 09x10 

am 


Max.  burden  - MCI 
Time  to  max.  butda*i-dey* 
Tima  to  1/2  <Xmax,b«d»- 
d*ye 

70-yr  tardea  - PCI 


70-yr  doee-rom 

Time  to  1/2  cf  70-yr  doee- 

day# 


Yr  of  max  doee  rate 
70-yr  doea-rem 
time  to  1/2 of  70-yr  dees* 
day* 


403x19 

4809 


405x10 


aoo8&$  a oi7i 
20d*tt70  TSdatiiTO 
4576  LIS 

13*244  13,270 


4 00?27  a 0143 
20dStt?Q  IStbruTO 

4490  <xm 

13.244  13,270 


0.0256 
14  dam  70 
L72 

14235 


78 

-0 

L13 

1-2 

3.54 


IS  320 
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lSdauTO 
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SECTION  VI 

FOREI3N  PLUTONIUM  DECONTAMINATION  STANDARDS 


Some  teaeSadge  of  standards  «a  they  sre  eataMlahed  by  foreign  Jurladlctkqa  t»  of  interest  The 
**&*m  teas  are  reported  bas  e «ac  presaatcd  only  as  tndteattoat  of  what  present  foreign  staadarde 

atay  fet  it  this  Ume. 

lathe  esarefe  for  foreign  standards,  empbusi*  was  placed  ou  contacts  within  U.  S.  governmental 
sggtde*  whose  interests  or  eoarescai  lie  with  coatamlnat&a  standards  or  policy  for  their  agencies. 


saaoo  sw  mim  ce^ggfog  &pca  and/or  paean  fcan  cootamiaagm  (Ret  91,  32,  9s,  94}.  TtbieXV 
presents  a summary  of  perdreut  inforeaatfoo  from  *mma  references. 

Here  that  tnost  cftbe  information  ptemtated  represent*  cauiAmlnttian  levels  >pp)^*hii>  t*  labora- 
tory readi&v*  and  not  to  ''emimmm&l  real  estat  ” We  have  listed  same  levels  coder  the  head- 
Jag  ,?B«vireaffiae£ai  iaaetire  Areas. " W#  report  there  level*  as  being  levels  for' the 

"attvireasaetal  real  eetage"  cantata  In*  km  atotadce.  OtaucewtaMy  te<£&  wear  foafciliiy  to  folly 
dj&ge  the  terra,  "toaave  area,  "which  appear*  ta  several  of  the  reformat.  The  term  la  defined 
to  Rat  94  «*  & area  that  is  not  “e&ive,  * •’Acth*’*  area#  fadude  dtsag*  rooms.  offices,  laboreto- 
*&»  tad  prec«»  areas.  Our  t-acmaiaty  teveivwt  a foaling  that  the  "inactive'*  area  other 

apacrewliMiii^^  tecUttias.  We  have  found  no  information  covering  the  adculs-  - 

esaploye^  to-  d«ft»&  these  standard*  - If  m iasaive  ares  includes  off-sits  eevireomeofoi  teal 
&QI-&  1 pCl/m*  oeort^jpftntis  to  (X 163-L  6SPg/at  , a Isrei  winch  nwuiH  ha  by  ust- 
util  bici^ound  In  many  areas  of  the  world. 


itaWeXv  l 
la  lw&-i£mm 


* reference  to  w*uch  U was 
-Wcsiplsce.  Active  Areas** 
mrd  or  facilities. 


T4J6LE  XV 

i mjmmm  oeooerrAifi^TfOK  standards 


SECTION  VII 


REDUCTION  OF  PLUTONIUM  CONTAMINATION  HAZARD 

INTRODUCITON 

„ ®tUdy  *•*«  ^ ,,N3pe^M  site*  the  occurrence  of  a plutonium  contend* 

natton  facMmt  We  have  u«d  the  term  "reduction'’  in  the  title  rather  than  "d^cootaininatloo"  be- 
c««w  the  former  term  Is  broader  ia  scope,  and  the  paat-inci&mt  requirements  tare  certainly  bread, 
requiriag^  inpat  of  a number  of  specialties  Additionally,  when  we  speak  of  contaimS^^o 
nanet  acts  that  the  term  is  relative,  there  being  various  levels  of  contamination.  In  any  case,  taw- 

ts  coo^w^atioc.  In  general  one  way  reduce  the  level  of  camuniaaticio.  We 

sre*altieiin«btetod^ 

»*»  te  «“«««»  iroswre  to  ufe  the  c*t«tu- 

*ff*.**ff  , ts  ttd“c“ito>JE‘i  “*  « tee  t*U!  be  Hun  who 

We  tai*  *****  *J>«*  to  jpelai  toward  chess  factors  because  they  effect  the 
am  Important  dec4Slao  cmmttag  decontamination  of  the  laefciatf  cwtimto*,  Thai  is,  what 
Us***  ai.  caouimaatlcoijfill  remain  when  the  dSostt  incomplete..  that  declslcat  will  impact  eo  most 

*»*V  p roduce  die  e&tttand 


final  de* 
to  be  re* 


0«r  dlscussSass  %*ith  vicious  agsacle*  and  iaiivirfuale  focused  oa  falters  tit* 
cntamnlnatiiw  teveSforthe  W incident . Se^arai  Umts-mw  nxmxtiLi  „'. 

Is®#,  • and  that  seas  universally  mentioned,  was  that  ao 

wold  he  v&s&aii  with  a level  above  that  eaaalaved  fee?  asavitum 

Aw«iad^£s^'  often  WfMNHlWlte  rngemm*  media  msy  fix  on  the  ' 

worat  ite.soa  m an  area  and  dcmandUwMfeee*^  be  treated  «r  that 

teon^te*  the  exist*  in  that  plufesaium  which  is  rcsuapes&xi  andean  be  inhaled.  •>lut«,inm 

be^»y,  *»*>  tester  demand*  for  tool  removal,  Another  example  would  be  to  require  char  the  wist 
to  9 ****  **  to  the  whole  area.  Or  the  ‘worst  case"  ayu » 

^ **•  WftltWKtee  with  sail  sampling,  We  have  already  aHudetl  to  the  fehertsta  ys**  - 

2*.  XVi  *"*■  “-*«  **“*  * *«** 
o*  ti»  »a.^c  «oii  sample  oaten  *£  a study  at  Paiowarc*  fRef.  95), 


Aikfdce 

dp&i/gr«S»  {dry) 

Average 


TAliUi  XVI 

VARIABILITY  OP  SOIL  SAS-lPUfiO  DA’*** 
1 2 3 4 5 


455 


7$4 


0 


2S 


5 


S3 


45 


195 


the  W,  JSS * **  f?  *V<af*«c  °*  to  •»  «!»«***  *****  b,  defining  that  sample, 
2,^**“**  *e*k*  w<»uia  seiact  aliquot  number  2 to  define  the  aample  rettult*.  Perhaps  worse 

“““ *** “*» >*» a««» to Jteut the Bjtftwttto. 

**“  *“““  ■*»  « fa  cotioMiM.  Wha  u»  dcbhouhthhao,  ^ ,a 
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DEFINING  THE  PROBLEM 


When  the  fiteo  are  out  end  teaEQD  activities  have  been  completed,  surveys  to  determine  the 
extent  of  radidaetiv*  cottfianiaalioa  must  be  undertaken  with  credible  heste,  Seine  survey  work 
will  already  Hsve  been  accomplished,  primarily  to  determine  if  fission  products  are  involved  in  the 
incident  usd  to  provide  health  physics  support  to  EOD  and  other  early  accident  response  personnel. 
The  survey  should  first  establish  these  areas  of  maximum  eontamlnetica.  Action  should  be  taken  as 
sour  as  possible  to  temporarily  fix  the  coctamlnation  in  these  areas  to  their  surfaces.  In  at  least 
one  previous  incident,  tee  final  cleanup  was  mad*  considerably  more  difficult  because  early  fixing 
was  sot  employed. 


The  agencies  involved  in  negotiations  will  be  very  interested  in  survey  methods  and  determinations. 
Tbei?  interest  may  include  desire  for  participation  in  the  survey.  If  satisfactory  control  can  be  main- 
tained eves  this  mixed  survey  force,  tee  Gu-Scetse  Commander  should  consider  operating  in  this  way. 
Determteatems  toed  to  become  more  credible  and  negotiations  less  heated  when  one's  own  personnel 
are  Involved.  Cara  must  be  exercised  to  assure  teat  the  joint  survey,  if  employed,  does  not  develop 
info  a eampe&ficc  between  agencies. 


Wo  have  dwelled  oe  determination  of  ground  or  surface  contamination.  We  must  remember  air - 
beroe  tssateminatleo  Is  the  hazard.  Provision  should  be  made  for  early  placement  of  air  sampling 
devices.  Correct  placement  cf  these  samplers  Is  vitaL 


One  last  typo  of  ^yiroumental  sample  of  importance  to  teetotal  effort,  teat  Is,  soil  sampled. 
Tfte  variance  tend  In  self  samples  has  already:  bean  discussed.  The  information  gained  from  those 
mmoles,  however,  wifi  probably  coustitete  the  prime  determteatar  in  establishing  that  the  required 
dcooinsiDnlaatieo  effort  hm  been  completed,  Samples  should  so  be  taken  during  initial  survey  work 
as  a crosscheck.  ;- 


There  isdne  ote m?  type  of  survey  that  should  be  tolttetod  as  soon  as  arrangements  can  be  made, 
^foonei.latee  ast&k?  the  tkm  of  the  tacUtefa*  may  have  accumulated  significant  jdutoaium  ixmdcns 
from  cloud  passage  «r  later  activity  la  the  area.  Prompt  action  in  persoonel  surveys  will  permit 
. early  sreatetsat  «ita  «*»'«  gtseral  knowledge  of  tee  oxt<a«  df  the  early 

pessoonei  hsaasd. 


Expeximoe  with  a number  of  incidents  **  Hanford  indicate  same  eterretattott  liewwsen  tee  activity 
oa  nasal  smears  and  la  curly  fees!  samples  and  te  vivo  lung  counting  data.  This  work  has  led  to  a 
set  o#  artterta  to  fee  used  la  recognising  problem  intakes  and  in  follow  up  monitoring  l Ac£  98).  Tabic 
XVII  shows  these  criteria. 


Table  XVIkl  (Hof.  %)  indicates  tec  type  of  data  which  are  required  to  increase  the  reliability  of 
ohaonium  faortkn  estimates.  Each  of  she  items  can  add  to  tee  assurance  of  the  estimate. 


Soli  sampling  and  Wo-snalysit  results  will  not  be  available  st  the  insider t site  for  a cwmlde  table 
Normal  workloads  At  Service  assay  laboratories  require  about  one  week  for  chemical  deter  • 
imiaafioas.  taerwaaod  workloads  will  add  several  day*  to  tise  figure.  Additional  rime  is  coosumod 
in  sample  preparation  and  trcnspcmtlon,  A real  problem  exists  in  assuring  test  samples,  once  taken, 
are  aot  futteer  as  a result  of  handling. 
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TABLE  XVII 


CRITERIA  FOR  SCHEDULING  FECES  SAMPLES 

Schedule 

1.  Obtain  five  daily  fecal  samples  within  die  first  7 days  post  intake  if  any  of  the 
following  situations  occur: 

a.  Nasal  smears  exceed  500  dia/min, 

b.  100  < nasal  smears  < 500  dis/min  and  exposure  duration  > 5 min, 

c.  5 nasal  smears  < 100  dis/min  and  exposure  duration  *>  30  min, 

d.  Exposure  to  fumes  from-niire, 

"10 

e.  Air  sample  results  .exceed  2 s 10  pCi/ec  fos  vn  8-hr  period  end  exposure 
duration  > 1 hr. 

2.  Obtain  one  fecal  sample  on  the  second  day  post  intake  ii  any  of  the  following 
situations  occur: 

a.  Nasal  smears  are  positive  but  do  not  maet.  criteria  in  Schedule  1, 

h.  Any  other  person  in  the  same  incident  meets  the  criteria  in  Schedule  1, 

c.  Mr  sample  results  exceed  2 x JG'^MCi/ecfcx  an  8 -hr  period, 

d.  Wide  spread  skin  contamination  in  a dry  f<a'tn  or  facia)  contamiriation  •> 

1000  dis/min, 

e.  Clothing  contamination  in  a dry  form  > 5000  dis/min, 

f.  Possible  plutonium  inhalation  is  suspected  for  other  reasons. 

3.  Obtain  two  fecal  samples  at  periods  •>  10  days  post  incident: 

Obtain  samples  to  coincide  with  positive  lung  counter  examinations  preferably 
following  two  days  off  of  work  on  the  15th  and  30th  days  post  intake.  Schedule  at 
approximately  monthly  Intervals  thereafter  provided  that  data  useful  for  evaluation 
are  obtained. 

TABLE  XVIII 

TYPES  OF  DATA  WHICH  MAY  BE  COLLECTED  FOR  PLUTONIUM  INHALATION  INCIDENTS 

1.  Urine  analysis.  6,  Solubility  of  the  aerosol. 

2.  Feces  analysis.  7.  Particle  sine  (air  samples -nasal  smears). 

3.  In-vivo  examination.  8.  Nasal  and  skin  contamination  activity. 

4.  Isotopic  composition  and  Pu  alpha/ Am  9,  Concentration  of  plutonium  aerosol. 

-241  alpha  ratio.  10.  Duration  of  exposure. 

5.  Chemical  form  of  the  aerosoL  11.  Other  details  of  incident. 


66 


CONTAMINATION  CONTROL 


The  operations  previously  discussed  are  those  carried  out  by  trailed  personnel  available  in  re- 
sponse teams.  Their  training  has  included  not  only  that  speeMe  to  particular  instruments  sod 
operations,  but  also  those  many  general  a&srg&aas  g?sd  procedures  coacas'iing  proper  contamination 
control.  Contamination  control  incorporates  all  those  preeedgges  and  operations  undertaken  to  keep 
the  contamination  within  the  original  area  of  concern.  Most  of  the  personnel  in  the  cleanup  work 
force  will  not  be  trained  In  contamination  control.  CccsWarslde  efiocrt  must  be  expended  initially 
and  must  continue  during  decoatmninatlon  efforts  to  smst m litat  this  sq^glemeatary  work  force  learns 
ana  follows  contamination  control  procedures. 

The  incident  response  teams  that  form  the  decontamination  fbrce  nucleus  have  been  thoroughly 
trained  in  contamination  control,  The  Csi -Scene  Commander  should  rely  on  this  cadre  to  train  other 
personnel  and  monitor  their  actions.  He  must  t&svmbes,  however,  &at  as  personnel  become  snore 
familiar  with  She  hazards  and  procedures  involved;  &ay  will  probably  become  lax.  He  mu3t  bs  cco- 
tlmaaily  m the  alert  for  signs  of  tuis  laxness  and  take  command  action  to  keep  it  at  & minimum. 

The  procedures  involved  in  maintenance  oftfae  "Hot  Line",  the  feundary  of  ibe  contaminated  area, 
and  in  dress-out  and  work  force  decontamination  when  leaving  the  contaminated  area  must  he  ad- 
hered to.  They  may  appear  to  be  time  consuming  and,  in  the  later  stages  of  the  operation,  less 
necessary . They  are  not.  A considerable  amotmiof  contaimnatlon  adheres  to  work  clothing  during 
the  grubby  work  of  area  decontamination.  Relaxation  of  contamination  control  and  "Hot  Line"'  pro- 
cedures is  the  surest  way  to  spread  unwanted  contamination  and  occasion  a larger  decontamination 
problem  in  the  end.  The  problem,  of  course,  increases  if  this  spread  should  extend  into  previously 
uncontaminated  and  populated  civilian  areas. 

PUBLIC  INFORMATION 

Public  affairs  guidance  with  respect  to  nuclear  accidents  is  contained  in  DOD  bistro  don  5230. 16 
(Rat  97).  We  will  not  dwell  on  these  procedures  here  except  to  point  out  that  the  On-Scene 
Commander  must  recognize  that  requests  and  demands  for  information  will  be  extensive  in  number 
and  in  depth.  A Public  Information  Officer  is  generally  included  in  the  response  force  staff, 

METHODS  OF  DSCONTAM'NATIQN 

As  noted  previously,  the  faster  that  the  clean-up  operations  are  accomplished  after  the  nuclear 
weapon  accident,  the  less  will  be  the  maximum  lung  burden.  This  fact  is  graphically  portrayed  in 
Figure  6 which  shows  that  the  lung  burden  curve  rises  very  rapidly  and  reaches  half  the  maximum 
value  k 26  days.  Thus,  fast  and  efficient  decontamination  methods  will  greatly  benefit  the  well- 
being  oi  individuals  hi  the  contaminated  area. 

Experience  ui-.e  shown  when  the  decontamination  is  handled  by  experts  that  most  contaminated 
surfaces  can  be  restored  to  normal  use.  As  great  a variety  of  possible  circumstances  surround 
each  .ontaminati'.’i  incident  as  there  are  methods  to  decontaminate  the  affected  regions.  In  fact, 
many  times  a combination  of  decontamination  methods  are  used.  The  reader  is  referred  to  Refs.  98 
and  99  which  give  abstracts  of  hundreds  of  general  decontamination  methods.  Some  of  these  de- 
ctmta  urination  methods  for  hard  surfaces  and  land  area3  with  their  respective  efficiencies  (these 
have  ail  been  taken  from  Laugh  am  in  Ref,  35)  are  given  below.  Note  that  in  all  decontamination 
efforts,  careful  colder ation  must  be  given  to  proper  disposal  of  the  contaminated  waste. 
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Hard  Surfaces 

Water,  sandMa^ln^  vacuum  cleaning,  and  steam  cleaning  are  some  methods  used  to  decontam- 
inate hard  surfaces.  The  efficiencies  for  these  methods  en  vsfV»us  surfaces  are  given  in  Table  XXX* 

W star  - A water  truck  that  can  produce  a water  stream  at  a pressure  of  200  to  400  psi  is  used 
ft*  (1)  plain  water  basing,  (2)  wa ter  hosing  and  scrubbings  (3)  hosing  with  1 percent  (by  weight) 
commercial detergent  and  water  solution,  or  (4)  detergent  solution  hosing  followed  by  serubhfcg  and 
rinse. 

Sandblasting  - In  this  operation  dm  surface  is  removed,  so  sandblasting  should  be  used  only  when 
other  methods  are  unsuccessful.  The  loose  residue  created  mustfce  collected  somehow,  as  by  vac- 
uum cleaning. 

Vacoum  Cleaning  - In  situations  where  water  cannot  he  practically  usee,  then  vacuum  cleaning 
may  be  suitable.  In  this  method  suitable  filters  must  be  placed  over  the  exhaust  to  prevent  resus- 
pension of  the  contaminant  Mowing  through  the  cleans. 

Steam  Cleaning  - Greasy  oar  oily  surfaces  may  be  cleaned  best  with  the  use  of  steam  cleaners. 
Land  Areas  (See  also  Refs.  100  101) 


Some  methods  for  fixation  and/or  decontamination  of  land  areas  are  plowing,  scraping,  oiling, 
oiling  and  scraping,  wetting  down  with  water  and  scraping,  or  flooding  with  water*  The  efficiencies 
for  these  methods  are  given  in  Table  XX. 

Flowing  ~ Plowing  to  a depth  of  12  inches  will  ensure  adequate  mixing  and  burial  of  the  contaminant. 

Scraping  - The  tcp  2 inches  of  the  soil  may  be  removed. 

Oiling  - An  oil -distribution  truck  may  be  used  to  spread  a rapid  cure  oil,  like  RC-O,  over  the 
decontaminated  area.  A semihardened  surface  is  formed  within  24  hours. 

Oiling  and  Scraping  - The  oiling  procedure  outlined  above  can.be  followed  by  a scraping  procedure 
whereby  the  hardened  oil  crust  is  scraped  and  removed. 

Wetting  Down  with  Water  and  Scraping  - Wetting  down  with  about  0. 3 inch  of  water  will  tend 
to  temporarily  fix  the  contaminant  and  permit  its  removal  by  scraping  without  excessive  resuspension 
of  the  contaminant. 


Flooding  with  Water  - Flooding  with  large  amounts  of  water  to  1 inch  or  more  will  accelerate 
the  natural  weather  ing  action  and  tend  to  leach  the  contaminant  into  the  soil,  thus  reducing  the  amount 
of  contaminant  available  f<$r  resuspension  into  the  air. 


TABLE  XIX 


PERCENT  EFFICIENCIES  FOR  VARIOUS  HARD  SURFACE  DECONTAMINATION  METHODS 

(Ref.  35) 


Method  {%  efficiency) 

High  High 

pressure  High  pressure 


High 

pressure 

water 

wi* 

pressure 
water  and 

water  and 
detergent 

Sand 

Steam 

Material 

Vacuum 

water 

scrub 

detergsit 

with  scrub 

blasting  cleaning 

Glass 

98 

99 

97 

100 

99 

100 

97 

Stucco 

48 

97 

95 

95 

99 

100 

27 

Painted  wood 

99 

98 

96 

99 

99 

100 

91 

Unpainted  wood 

36 

8b 

93 

99 

95 

99 

85 

Aluminum 

89 

99 

97 

99 

100 

98 

84 

Plate  steel 

93 

97 

94 

100 

98 

99 

91 

Asbestos  shingles 

61 

99 

98 

96 

99 

100 

63 

Unpaired  wood 

shingles 

61 

97 

90 

95 

97 

99 

71 

Brick 

29 

99 

99 

99 

99 

99 

97 

Tar  paper 
Corrugated  gal- 

55 

98 

95 

95 

96 

99 

52 

vanic  1 roofing 

69 

99 

97 

99 

99 

100 

85 

'Highway  asphalt 
(2  ft2) 

32 

99 

96 

99 

99 

99 

44 

Highway  asphalt 

(>0  ft?1) 

72 

92 

94 

98 

96 

92 

22 

Sealed  isplialt 

(2  ft) 

Sealed  asphalt 
(10  ft2) 

71 

98 

90 

100 

99 

99 

84 

64 

90 

82 

96 

97 

90 

48 

Steel  trowel 

eoncrete(2ft2} 

74 

98 

- 

96 

99 

100 

- 

Steel  trowel 

concrete  (10  ft2) 

- 

78 

97 

- 

98 

98 

27 

Wood  float  concrete 
(2  ft2) 

Wood  float 

98 

92 

100 

97 

100 

65 

concrete  (10  ft2) 
Average  of  all 

56 

97 

" 

98  . 

98 

98 

85 

surfaces 

66 

96 

94 

98 

98 

98 

67 

69 


TABLE  XX 


LAND  AREA  FIXATION  AND/OR  DECONTAMINATION  EFFICIENCIES  (Ref.  3S) 


Activity  present 

Method  for  ground 
decontamination 

Mean  initial 
(dpia/m3) 

Mean  final 
(dom/m3! 

Efficiency 

(Baraaft 

Plowing 

8200 

140 

98 

Oil  and  scrape 

4200 

80 

98 

Scrape 

580 

25 

95 

Water  (0. 3 in. ) and  scrape 

1400 

100 

93 

Oil  (RC-O  road  oil) 

1000 

100 

89 

Flooding  with  water  (1. 0 in. ) 

1600 

225 

85 

Water-FeClg  solution  (Ou  3 in. ) 

4000 

630 

84 

Disking 

3000 

730 

76 

SUMMARY 

The  information  covered  In  this  section  is  not  intended  to  provide  a check  list  concerning  all  the 
actions  and  procedures  of  a decontamination  operation.  We  feel  that  each  incident  will  have  its 
peculiarities  and  that  those  must  be  attended  to  as  they  surface.  We  have  pointed  toward  general 
problem  areas  that  must  be  met  and  solved  during  most  operations.  We  reiterate  that  the  On  Scene 
Commander  must  be  provided  with  a knowledgeable  cadre  of  trained  personnel.  He  must,  in  turn, 
rely  on  this  cadre  for  expert  advice  and  opinion  as  the  operation  proceeds. 

We  suggest  that  the  Services  develop  criteria  for  bio  -assay  requirements  in  cases  of  wide  area 
plutonium  contamination*  These  criteria  should  be  coordinated  to  facilitate  inter -Service  support 
as  previously  recommended  in  Section  IV. 

We  recommend  that  DOD  Instruction  5230.  16  be  reviewed  toward  fostering  as  open  an  information 
policy  as  possible. 
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APPENDIX  A 


Dr.  W.  S.  Snyder  (Oak  Ridge  National  Laboratory.  Oak  Ridge.  Tennessee)  and  Dr.  Paul  Morrow 
(UniverttUy  of  Rochester  School  of  Medicine  and  Deatietsy)  have  kindly  consented  to  furnish  tbia  team 
vldt  the  values  of  the  proposed  comttaata  hat  Class  Y compound*  ( Lnsoluhki  compounds  with  long 
retention  times  like  plutonium)  far  the  1973  physiological  lung  modeL  These  ceestaats  tare  given 
In  Tefal*  XXL  Note  that  the  constant#  far  the  pulmonary  portion  of  the  lung  are  tlte  seme  m in  the 
1965  physiological  lung  modeL  There  are;  slight  change*  in  the  half-times  for  the  nasopharynx  and 
tracheobronchial  regions  of  the  luog,  The  largest  changes  occur  in  the  regional  fractious  far  the 
pulmonary  lymphatic  systems,  whwj  ta  die  1973  model  the  values  are  f . « 0. 90  and  1*0.  iO,whereas 
in  the  1965  model  these  values  were  t * Cl  10  and  L * 0. 9(k  also  the  biological  half -time  far  note  i 
has  been  Increased  from  500  to  l.OOO  daye.  * 

The  differential  e^uttims  fear  the  pulmonary  region  are  the  same  as  in  the  1965  model  previously 
discussed,  apt!  since  thecoastaat*  are  the  same,  so  also  are  the  results. 

TABLE  XXI 


CONSTANTS  FOR  USE  WITH  THE  PROPOSED  1973  LUNG 
CLEARANCE  MOOBLTOR239  PuO^‘ 
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fttetife  pm  is* 


Since  the  biological  half-time  for  route  i has  changed*  the  differential  equation  is  also  different 
and  is 
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dt 
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where  * <X  693/1GG0  days  \ The  integrated  result  is 
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The  differential  equation  for  route  fc  is  the  same  as  before,  so  q,  (t)  is  given  in  Eq,  (41)  The  total 
dose  to  the  lymph  a&ies,  q^,  is  then  s< 
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A plot  of  Eq.  (69)  is  shown  in  Figure  14*  Note  hew  the  lymphatic  system  burden  increases 
afesrply  to  a maximum  in  i ISO  days,  thea  decays  with  about  a 1,000  day  half -time  to  an  asymptotic 
v al  ue  of 
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D<jf}4q 


« 3.  75C0  pCi 


rot 


This  valtfe  in  Eq,  f/6>  is  a factor  of  9 less  than  that  given  |»»  Kq,  (44),  which  greatly  reduces  the 
lifetime  burden  ta  the  lymphatic  system,  making  the  lymphatic  system  even  a less  critical  organ  than 
it  was  In  the  !%5  model. 


’The  time-v'arytag  dose  w the  lymphatic  system  is 
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A plot  of  Eq.  (75)  is  shown  in  Figure  15.  where  the  value  off*  ■*  50  Mg/m ' was  used.  The  time 
required  to  reach  eoe-balf  of  the  70-»year  dose  is  6, 89.1  days,  whirls  §s  about  half  the  time  of  the  IW 
model*  hut  the  ?0-yr  dose  is  <1  t«8  rad*  a factor  of  about  6 loss  titan  with  the  1965  model 


Use  bisod  isg&£  differential  eqsa&oas  ace  E q,  (57)  aad 


* h % F = ^2  % F 


with  the  result  of 
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The  liood  input,  q^(t)  is  then 
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The  blood  burden  is  plotted  in  Figure  16.  The  tins©  to  one-half  the  maximum  burden  is  1408  days 
about  twice  as  long  as  in  the  1965  model.  However,  the  70-yr  burden  is  about  3 times  greater  with 
the  new  nuHeL  J 

The  time -varying  doses  to  the  liver  and  bone  are: 
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The  <6sses  to  the  liver  and  to®  are  given  in  Figures  17  and  18,  where  the  value  of  S0  = SO  Vg/  m 
vm a iced,  The  time  to  oae-hds  <k  the  70-yr  burden  is  reached  in  about  the  same  time  vmh  die  two 
models,  but  the  70-yr  doses  to  toe  iiv-fef  and  booe  of  0, 16  and  0, 027  rads,  respectively,  ar-~  about 
a Sector  of  Sraigher  with  the  1973  model  as  with  toe  1965  model. 


Tfes  ?igan  dose  rates,  based  on  toe  1973  model,  are  given  in  Table  XXIL  An  inspectioa  of  the 
numbers  dearly  reveals  that  toe  lung  is  the  most  critical  organ. 

Table  XXIII  contains  computer  summarized  information  on  how  different  air  clearance  rate 
constants  affect  the  organs.  The&o  numbers  can  be  compared  with  those  in  Table  XIV  which  has 
toe  numbers  generated  with  toe  ‘;<63  model. 


TABLE  XX3 

ORGAN  DOSE  RATES  FOR  AN  AREA  CONTAMINATED  WITH  2S9PbG  OF  S ^SOp^m2, 

JL  O 

PLUS  NCRP  AND  ICRP  VALUES  (PROPOSED  197$  LUNG  MODEL), 


Organ  Dose  Rate,  Rem/Yr 
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4 Same  as  for  1963  lung  modeL 


TABLE  XXIII 


EFFECT  ON  THE  BODY  ORGANS  FOR  DIFFERENT  AIR  CLEARANCE  RATES  (1973  Lung  Model) 


Air  Clearance  Rate,  Xa 

- Days  1 

Body  Organ 

item 

a 0693/35 

Pulmonary 

Same  as  for  1965 

tmmmm 

Lung 

Lung  Model  (Given 
in  Table  XIV) 

Lymphatic 

Max.  burden  -MCI 

6.  llxlO-5 

1.  22xl0’4 

1.  82xl0“4 

2. 4toU0"4 

System 

Time  to  max.  burden- 

days 

Time  to  1/2  of  max. 

1150 

1200 

1250 

1350 

burden -days 
70-yr  burden  -MCI 

294  . 
1. 16xl0*3 

347 

2.  33x10 

395  , 
3. 49x10* 

m 

4. 63x10 

Max.  dose  rate  -rem/yr 

a 0291 

a 0582 

a 0869 

a 114 

Yr  of  max  dose  rate 

3-4 

3-4 

3-4 

3-4 

70-yr  dose-rein 
Time  to  1/2  of  70-yr 

a 578 

1. 16 

1. 73 

2.30 

dose-days 

6893 

6922 

6952 

6981 

Blood 

Max  burden  - MCI 

8. 61x10 

l,72xl0'4 

2. 50x10*^ 

3, 44xl0"4 

Time  to  max.  burden- 
days 

Time  to  1/2  of  max. 

15,500 

9000 

9500 

10,000 

burden-days 
70-yr  burden  - MCI 

14G8  , 

8. 61x10 

1455  , 

1.  72x10 

1S13 
2. 58x10 

1565  . 

3. 4-klO 

Liver 

Max.  dose  rate-rem/yr 

a 0243 

a 0487 

a 0730 

0,0973 

Yr  of  max.  dose  rate 

24  thru  70 

41  thru  70 

34  thru  70 

33  t Juru  70 

70-yr  dose  - rem 
Time  to  1/2  of  70-yr  dose- 

1. 58 

3.16 

4.72 

6.28 

days 

13,687 

13,713 

13,738 

13,763 

Bone 

Max.  dose  rate-rem/yr 

a 0207 

a 0414 

a 0620 

a 0827 

Y?  of  max.  dose  rate 

28  thru  70 

34  thru  70 

28  thru  70 

30  thru  70 

70-yr  dosc  rem 
Time  to  1/2  of  70-yr 

1.34 

2. 68 

4.02 

5.34 

dose -days 
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